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A homozygous mutation in HMX1 is responsible for a new oculoauricular defect leading 
to eye and auricular developmental abnormalities as well as early retinal degeneration 
(MIM 612109). HMX1 is expressed in the developing eye, ear and in some other parts of 
the nervous system. It recognizes the CAAGTG canonical binding sequence. However, 
the HMX1 pathway remains poorly understood. To identify HMX1 target genes, we 
developed a predictive promoter model (PPM) approach using a comparative 
transcriptomic analysis in the retina at P15 between a mouse model lacking functional 
Hmx1 (dmbo mouse) and its respective wild type. This PPM was based on the hypothesis 
that HMX1 binding sites (HMX1-BSs) clusters should be more represented in promoters 
of HMX1 target genes. The most differentially expressed genes in the microarray 
experiment that contained HMX1-BSs clusters were used to generate the PPM, which 
was then statistically validated. Finally, we developed two genome-wide target prediction 
methods: one that focused on the conservation of PPM features in both human and mouse 
and the other that was based on the co-occurrence of HMX1-BS pairs fitting the PPM, in 
human or in mouse, independently. The PPM construction revealed that Sgcg, Tshz2 and 
Slc6a9 were Hmx1 targets in the mouse retina at P15. Moreover, the genome-wide target 
prediction revealed that mouse genes belonging to the retinal axon guidance pathway 
were targeted by Hmx1, which fits well with our current knowledge of the role of this 




The HMX (Homeobox) family of transcription factors is characterized by the presence of 
a 60-amino acid homeobox domain. Currently, this family contains 4 members: HMX1, 
HMX2, HMX3 (also known as Nkx5-3, Nkx5-2 and Nkx5-1, respectively) and SOHo1 [1]. 
Expression of HMX1, HMX2 and HMX3 is highest in the sensory organs, i. e. eye and 
inner ear, and in the peripheral and central nervous systems [2,3]. During mouse 
development, Hmx1 is expressed in the trigeminal ganglion and in the second branchial 
arches early as E9.5, and in the dorsal root ganglia at E10.5. Later on, it is expressed in 
the lens, in the neural epithelium of the eye, in the sympathic and vagal nerve ganglia and 
in the mesenchyme near the developing ear [4]. More recently, the discovery of an HMX1 
loss-of-function mutation responsible for a new oculoauricular syndrome (MIM 612109) 
in a Swiss consanguineous family has prompted us to evaluate the role of this 
transcription factor [5].  
In 2009, the description of two mutant mice called “dmbo” and “misplaced ears” 
exhibiting microphthalmia, besides ear and cranial malformations, was reported. Mapping 
and sequencing analyses of these mice revealed a nonsense mutation in the first exon of 
Hmx1 in dmbo and a frameshift mutation in exon 2 of “misplaced ears” mice [6]. The 
absence of Hmx1 protein in dmbo was further confirmed in a study showing that Hmx1 
was required for the normal development of somatosensory neurons in the geniculate 
ganglion [7]. Moreover, a dmbo rat strain with a similar phenotype and a deletion in an 
ancient distal putative enhancer of Hmx1 was described very recently [8]. All these rodent 
mutants underline the prominent role of Hmx1 in eye development and represent good 
models. Despite these recent advances, the role of Hmx1 in transcriptional regulation 
remains widely unknown. A major challenge in deciphering the Hmx1 pathway involved 
in eye development is the identification of target genes. However, this represents a 
difficult task as no HMX1 chromatin immunoprecipitation-grade antibody seems to exist 
in the mouse. Therefore, we decided to construct a predictive promoter model (PPM). 
This approach is based on the analysis of differentially co-expressed genes between two 
different biological states and represents a powerful tool as was recently shown [9]. In our 
case, we used a comparative transcriptomic analysis between retinas at post-natal day 15 
(P15) of wild-type (WT) and dmbo mice. Basically, a promoter model is defined as a 
framework of two or more transcription factor binding sites (TFBSs) with a defined 
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distance range and strand orientation. In a given promoter, a functional pattern involving 
multiple TFBSs is called cis-regulatory module (CRM). CRMs represent the next level of 
organization after individual TFBSs and are often involved in tissue specific expression 
(reviewed in [10] and [11]). The promoter model is called predictive when it is based on a 
functional hypothesis instead of the analysis of experimentally validated TFBSs. In 
theory, the promoter model represents a specific and flexible structures shared by the 
promoter of genes belonging to the same pathways. 
Despite the lack of knowledge about Hmx1, some critical information was sufficient to 
identify specific features about its target. In fact, Amendt et al. showed that HMX1 binds 
to the canonical CAAGTG sequence and acts as a transcriptional antagonist of Nkx2-5, a 
well studied transcription factor that recognizes a consensus sequence TNAAGTG 
overlapping HMX1-BSs [12]. The mouse and rat ANF proximal promoters include two 
validated Nkx2-5-BSs involved in transcriptional activation. Additional sites are located 
in distal enhancer regions upstream of the transcription start site (TSS) [13-15]. Similar 
Nkx2-5-BSs clusters have also been observed in the H15 mid locus of the Drosophila and 
the functionality of one of them has been demonstrated in cardioblasts [16]. This type of 
CRM involving multiple similar TFBSs is called homotypic CRMs, or homotypic clusters 
of TFBSs, and is widely represented in proximal promoters and enhancers of mammals 
and invertebrates [17]. This observation is particularly true for TFBSs of several TFs, 
including Nkx2-5.  
To identify targets of HMX1, we developed a PPM based on HMX1-BSs clusters, by 
analogy to Nkx2-5 and succeeded in constructing and validating a PPM based on the 
presence of multiple HMX1-BSs. We report the first Hmx1 targets in the mouse retina at 
P15. Moreover, applying our PPM to mouse and human genomes allowed us to identify 
additional potential target genes that are involved in the embryonic eye development. 
Materials and Methods 
Animals handling and tissue isolation 
These studies adhered to the Association for Research in Vision and Ophthalmology 
(ARVO) statement for the use of animals in ophthalmic and vision research and were 
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approved by the Veterinary Service of the State of Valais (Switzerland). WT C57BL/6J 
mice were obtained from Janvier (Janvier, Le Genest St Isle, France) and dmbo mice from 
Jackson Laboratory (Jackson Laboratory, Bar Harbor, ME). Dmbo mice were 
backcrossed with C57BL/6JWT mice for 3 additional generations to obtain a 
homogeneous genetic background and to remove the Rd1 mutation they unexpectedly 
carried. All mice were genotyped by polymerase chain reaction analysis of DNA tails. 
Animals were maintained in a 12-hours light/12-hours dark cycle with free access to food 
and water. Mice were killed by cervical dislocation at P15 or P60 and their eyes were 
enucleated. Retinas were isolated under a microscope to remove extra retinal tissue and 
snap-frozen at -80°C. 
RNA extraction and dosage 
Total RNA was individually isolated from each whole retina and purified using the 
RNeasy minikit as described by the manufacturer. RNA quantities were assessed by 
NanoDrop®ND-1000 spectrophotometer. Four and three different animals for each 
condition were used for microarray and RT-PCR respectively. 
Microarray procedure 
RNA quality was assessed using RNA 6000 NanoChips with the Agilent 2100 
Bioanalyzer (Agilent, Palo Alto, CA). For each sample, 100ng of total RNA were 
amplified using the WT sense strand Target Labelling kit (Affymetrix, Santa Clara, CA); 
5.5µg of the resulting sense cDNA was fragmented by UDG (uracil DNA glycosylase) 
and APE 1 (apurinic/apyrimidic endonuclease 1) and biotin-labelled with TdT (terminal 
deoxynucleotidyltransferase) using the GeneChip® WT Terminal labelling kit 
(Affymetrix). Affymetrix Mouse Gene 1.0 ST arrays were hybridized with 2.7µg of 
biotinylated target for 17 hours at 45°C washed and stained according to the protocol 
described in Affymetrix GeneChip® Expression Analysis Manual (Fluidics protocol 
FS450_0007). The arrays were scanned using the GeneChip® Scanner 3000 7G 
(Affymetrix) and raw data were extracted from the scanned images and analyzed with the 
Affymetrix Power Tools software package. All statistical analyses were performed using 
the free high-level interpreted statistical language R and various Bioconductor packages 
(http://www.Bioconductor.org). Hybridization quality was assessed using the Expression 
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Console software (Affymetrix). Normalized expression signals were calculated from 
Affymetrix CEL files using RMA normalization method. Differential hybridized features 
were identified using Bioconductor package “limma” that implements linear models for 
microarray data [18]. The P-values were adjusted for multiple testing with Benjamini and 
Hochberg’s method to control for false discovery rate (FDR) [19]. Probe sets showing at 
least 1.2-fold change and a FDR<0.1 were considered significant. Gene expression data 
have been deposited in GEO (GSE47002). 
Functional annotation of microarray data 
Differentially expressed genes (FDR<0.1) were annotated in accordance with the Gene 
Ontology (GO) classification system. GO terms were classified into categories related to 
molecular function, cell component and biological process in the aim of assessing the 
statistical enrichment of differentially expressed genes in these categories in comparison 
with the full mouse genome. Annotation and statistical calculation were realized using the 
DAVID algorithm (http://david.abcc.ncifcrf.gov/home.jsp) [20,21]. In addition, the 
MetaCore software from GeneGo Inc. was used to bring to highlight most relevant 
GeneGO Process Networks. Each process represents a pre-set network of protein 
interactions characteristic for the process. For both DAVID and MetaCore enrichment 
analyses, only results with a P-Value<0.1 were taken into consideration. MetaCore and 
DAVID use a hypergeometric model to determine the significance of enrichment. 
PPM construction and validation 
All sequences were collected via the UCSC Main Table Browser of the online Galaxy 
Platform (https://main.g2.bx.psu.edu/). We used the July 2007 (NCBI37/mm9) and Feb 
2009 (GRCh37/hg19) genome assemblies’ versions and genes absent in the refGene table 
were retrieved in Genbank and checked manually. All gene accession numbers related to 
the genes cited in the article are summarized in Table S1. [-250;+250] region selection 
and motif combinations analyses in the (+) and (-)-training sets were obtained from 
Galaxy. The (-)- training set was constituted by random selection of 2000 RefSeq gene 
promoter sequences. Finally, statistical validation of the model was performed with the 
Fisher’s exact test. PPM specificity and sensitivity were calculated with MedCalc 
(http://www.medcalc.org/). Cell-specific expression levels of Hmx1, Sgcg, Tshz2 and 
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Slc6a9 were retrieved in the gene expression profile database 
(http://www.fmi.ch/roska.data/index.php) [22]. 
PPM-based genome-wide target predictions 
All the [-250,+200] sequences fitting the PPM were selected from human and mouse 
RefSeq databases. PPM-based selection focused on the conserved HMX1-BS pairs was 
realized by crossing the human and mouse previously obtained selections. Sequences 
containing more than two HMX1-BSs were analyzed to achieve the target genes selection 
based on the cooccurrence of HMX1-BS pairs. Axon guidance pathway enrichment 
analysis was based on the KEGG database (http://www.genome.jp/kegg/kegg2.html) and 
performed for the mouse predicted targets selection obtained with the PPM co-occurrence 
based method. The statistical enrichment was assessed against the full mouse genome by 
taking in consideration the 25,504 unique genes of the ccds table, by means of the Chi-
square with Yates' correction test. 
Quantitative Reverse Transcription PCR (qPCR) 
Reverse transcription was performed with 500 ng RNA, 25 ng/µl OligodT, 1 mM each 
dNTP, 10 mM dithiothreitol, 2 U/µl RNAseBlock and 1 µl AffinityScript (Agilent) in a 
final volume of 20 µl at 42°C for 1 hour. Reaction was then kept at 70°C for 15 min and 
the obtained cDNA was 1:10 diluted. Quantitative PCR was performed in a 25-µL 
mixture containing 12.5 µL of FastStart Universal SYBR Green Master (ROX) (Roche, 
Basel, Switzerland), 10 µL of diluted cDNA and 0.3 µM of primer pairs (Table S2). The 
PCR program had an initial denaturation at 95°C for 10 min, followed by 40 cycles of 
denaturation at 95°C for 30 s, annealing at 55°C for 1 min, and extension at 72°C for 1 
min. All PCRs were realized in triplicate. Transcript levels were normalized using the 
Gapdh housekeeping gene and analyzed by means of the Student’s t-test. All qPCR 
efficiencies were calculated from the slope of a standard dilution curve to allow relative 





Enucleated eyes were fixed for 45 min at 4°C in 4% paraformaldehyde. Fixation was 
blocked with 30 % sucrose, eyes were then embedded in Yazzula and vertically sliced at 
10 µm thickness in a cryostat. Sections were washed three times with phosphate-buffered 
saline (PBS), treated with blocking buffer (2 % native goat serum containing 0.2% Triton 
X-100) at room temperature for 10 min, and left overnight at 4°C with the anti-SGCG 
primary antibody (Proteintech) diluted 1:100. Controls were prepared by omitting the 
primary antibody during the incubation. The following morning, sections were rinsed 
three times with PBS, blocked 10 min and incubated at room temperature for 1 hour with 
Alexa Fluor® 594 goat anti-rabbit IgG (Invitrogen, Zug, Switzerland) secondary antibody 
diluted 1:1500. After three additional washing, sections were stained with DAPI diluted 
1:1500 for 10 min at room temperature, washed three times again and mounted with 
Citifluor AF1 (Citifluor Ltd, Leicester, United Kingdom). Stained slides were imaged on 
a Zeiss microscope and image analysis was performed using the ZEN lite 2011 software 
(Zeiss, Zürich, Switzerland). 
Construction of reporter and expression plasmids 
PCR primer pairs used for molecular cloning were designed to generate an amplicon 
spanning the TSS of Sgcg, Sema3f and Ptpro and to carry all the HMX1-BS identified in 
the proximal promoter region. All promoter regions were amplified with the PfuUltra 
High-Fidelity DNA Polymerase (Agilent) according to the manufacturer’s instructions. 
Mouse Sgcg, Sema3f and Ptpro promoter regions were amplified using following primer 
pairs and annealing temperatures (Ta): 5’-gcgcacgcgtcaaagacacgtcagcctcag-3’ and 5’-
gcgcctcgaggaaacgctgtacctatctgatttaca-3’ (Sgcg, Ta = 61°C), 5’-
gcgcacgcgtgcaagagtgtatggggaagg-3’ and 5’- gcgcctcgagcaggcctctcagcaggtg-3’ (Sema3f, 
Ta = 63°C), 5’-gcgcacgcgtcatggaaatcgttgcttgtg-3’ and 5’-gcgcctcgagcggcgttgtttaatggctaa-
3’ (Ptpro, Ta = 60°C). Amplified DNA fragments were inserted into the pGL3-basic 
vector by means of XhoI and MluI restriction enzymes to produce pGL3-Sgcg, pGL3-
Sema3f and pGL3-Ptpro reporter constructs. Before the cloning step, the CAAGTG site 
located just upstream of the multiple cloning site in the pGL3-basic vector was turned 
into TAATCA by site-directed mutagenesis. The Hmx1 mouse cDNA was amplified with 
PfuUltra High-Fidelity DNA Polymerase using 5’-atgccggatgagctgaccg-3’ and 5’- 
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tcacactagccccggcatc-3’ primers (Ta = 60°C), then inserted into the pcDNA3.1 vector 
(pcDNA3.1-Hmx1) by means of the pcDNA3.1/V5-His TOPO TA Expression Kit 
(Invitrogen). 
Cell culture and transfection 
Mouse neuroblastoma cells (aka Neuro-2a or N2a) were grown in DMEM supplemented 
with 10% Fetal Bovin Serum and 100 µg/ml Normocin (Invivogen, Toulouse, France). 
Twenty-four hours prior transfection, 200 000 cells/well were seeded in 12-wells plates. 
For one transfection, 900 ng of one pGL3 reporter construct, 900 ng of pcDNA3.1-Hmx1 
or empty pcDNA3.1 and 300 ng of pCMV-Beta-Gal control plasmid were mixed together 
with 4 µl jetPEI (Polyplus, Illkirch, France) and dropped onto the cells. 
Luciferase reporter gene assay 
Forty-eight hours after transfection, cells were rinsed with PBS and lysed with 100 µl 
potassium phosphate buffer (100mM K2HPO4 pH7.8, 0.2% triton X-100). After 
centrifugation, 5 µl supernatant from each sample were added to 20 µl Firefly luciferase 
reagent. In parallel, 10 µl supernatant from each sample were added to 100 µl β-
galactosidase reagent. The relative luciferase activity was determined by dividing the 
luminescence of Firefly luciferase activity by that of the co-transfected β-galactosidase 
activity. The experiment was performed 3 times for each reporter construct and 
transfections were realized in triplicate for each experiment. The significance between the 
luciferase activity of each reporter construct co-transfected with pcDNA3.1-Hmx1 and 
with pcDNA3.1 was then assessed for significance by means of the Student’s t-test. 
Statistical analysis 
Statistical tests used in this study are detailed at the end of “microarray procedure”, 
“functional annotation of microarray data”, “PPM construction and validation”, 





Comparative transcriptomic analysis 
The comparative transcriptomic analysis of the mouse retina between dmbo and WT 
C57BL/6J mice was realized at P15 to avoid killing pregnant dmbo mice and to obtain 
sufficient amount of tissue. The retina is still developing at this age and it is always 
expressing Hmx1. The analysis showed 146 differentially expressed genes (70 up and 76 
down) with a false discovery rate (FDR)<0.1 and at least 1.2-fold change (Figure 1A, 
Table S3, Table S4). Thirty of these genes were highly confident and had a FDR<0.01 
(14 up and 16 down). Analysis of the 146 differentially expressed genes with the 
MetaCore software from GeneGo Inc. showed 10 enriched GeneGO Process Networks 
with a P-Value<0.1 (Figure 1B). The first three ranked processes are the synaptogenesis 
(P-Value=0.008879), the visual perception (PValue= 0.009481) and the synaptic contact 
(P-Value=0.009713). In another approach, the use of the DAVID software allowed us to 
classify these genes into GO categories, showing that 9 of them were significantly 
enriched with a P-Value<0.1 in molecular function, 3 in cell component and 20 in 
biological process categories, respectively (Table S5). All of the enriched molecular 
function categories were related to ion and vitamin binding or transmembrane transport, 
and all the enriched cell component categories were related to cell projection terms as 
axoneme and cilium. Enriched biological process categories were more numerous and 
diversified and concerned, for example, organelle localization or metal ion homeostasis. 
Hmx1 target promoter model construction and validation 
As explained above, we hypothesized that multiple Hmx1 sites could form CRMs and act 
in synergy, as observed for Nkx2-5 [17]. In this regard, we postulated that the number of 
motifs could play a role in the transcriptional regulation of Hmx1 targets. To elaborate our 
predictive promoter model, we used the promoter sequences of the most confident 
differentially expressed genes (FDR<0.01 group) and took into consideration the number 
of CAAGTG motif present. We used a screening window ranging in size from -250 to 
+200 nucleotides (nt) around the TSS. This window was based on the size of the proximal 
promoter and the approximate median size of the eukaryote 5’UTR, two regions known to 
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be enriched in TFBS [23,24]. The CAAGTG motifs located in the [-250,+200] interval 
were counted. Three of the 30 genes contained 2 motifs, 3 contained 1 motif, and the last 
24 did not contain any motif. The 3 genes containing 2 motifs, considered as theoretical 
Hmx1 targets, were used to generate a framework (Figure 2A-B) that should correspond 
to a feature specific for Hmx1 target promoters. The orientation of the motifs was 
disregarded but we took into consideration the space between the two motifs and kept a 
distance range spanning from 90 to 190 nt. Unexpectedly, only one HMX1-BS in Tshz2 
promoter was strictly conserved between human and mouse.  
It is important to keep in mind that this theoretical promoter model is predictive and 
needs to be statistically validated, as it is based on arbitrary criteria. Therefore, we 
calculated the enrichment of this particular feature between the FDR<0.01 group (used as 
the positive (+)- training set) and a control group of random promoters (used as the 
negative (-)-training set). We observed a 22.2-fold significant enrichment (P-
Value=0.0006) of the PPM specific feature in the (+)-training set compared to the (-)-
training set within the [-250,+200] region (Figure 2C). This enrichment was also 
observed in the FDR<0.1 group but to a lesser extent (P-Value<0.0091). There was no 
significant enrichment when the genes containing at least 1 motif were considered. From 
these data, we concluded that the high enrichment of this particular feature in the (+)-
training set validated our promoter model and supported the idea that Sgcg, Tshz2 and 
Slc6a9 were direct Hmx1 targets. 
To complete our approach, we also tried to build a PPM with lower specificity and higher 
sensitivity. For this, we replaced the canonical sequence CAAGTG by the minimal core 
motif CAAG also able to bind HMX1 but with a lower affinity [12]. We generated a low 
specific PPM (LS-PPM) and a very low specific PPM (VLS-PPM) fitting the same 
distance and orientation criterias than the initial PPM, but carrying respectively one or 
two CAAG in place of the canonical HMX1-BS (Table 1). Both of them retrieved a better 
rate of positive genes but showed very low specificity (1.37 and 1.01-fold enrichment for 
low and very low PPM respectively). These two PPM with lower specificity were not 




Characterization of Sgcg, Tshz2 and Slc6a9 expression 
To minimize the possibility that Sgcg, Tshz2 and Slc6a9 were false positive targets of 
Hmx1, we confirmed their level of deregulation between eyes from dmbo and WT mice, 
and checked for colocalization with Hmx1. The retina is made of many different cell 
types with specific expression profiles. We therefore assessed the expression of Hmx1, 
Sgcg, Tshz2 and Slc6a9 by qPCR (Figure 3A) and looked for their precise cell subtype 
expression in the mouse retina, according to an online gene expression profile database 
[22] (Figure 3B). Transcripts quantification confirmed that Sgcg and Tshz2 were over-
expressed in dmbo at P15, whereas Slc6a9 was under-expressed. This deregulation tended 
to disappear at P60 for Tshz2 and Slc6a9, but remained extremely high for Sgcg. As 
expected, the inspection of a retina specific database revealed a strong overlap of Hmx1, 
Slc6a9 and Tshz2 expression in the glycinergic amacrine cells. Sgcg expression was not 
detected in the microarray database probably due to the very weak level of mRNA, as 
shown by qPCR. However, the γ-sarcoglycan protein encoded by Sgcg was detected by 
immunohistochemistry in the ganglion cell (GCL), the inner plexiform (IPL), the inner 
nuclear (INL) and the outer plexiform layers (OPL) (Figure 3C), as already shown by 
Fort et al. [25]. No difference in mRNA or protein expression of γ-sarcoglycan was 
observed between WT and dmbo samples (data not shown). The immunohistochemistry 
staining was higher in some cells of the INL exhibiting a disposition pattern characteristic 
of the amacrine cells, at the delimiting border between the INL and the IPL. This result 
was in accordance with colocalization of Sgcg and Hmx1 expression. 
PPM-based genome-wide screening for HMX1 putative targets 
Our model was based on a comparative transcriptomic analysis realized in mouse retina at 
P15. However, Hmx1 is highly expressed in the mouse eye as early as E10.5 suggesting 
an important role in development. Assuming that the PPM we developed was specific for 
HMX1 targets (with 0.45% vs. 10% representation in the (-) and (+)-training sets, 
respectively) we decided to screen the full human and mouse genomes. Such a global 
approach should provide an exhaustive view of all putative HMX1 targets, including those 
expressed during embryonic eye development. As a first step, we used the PPM to screen 
both mouse and human RefSeq databases via the Galaxy platform. These two databases 
contained a total of 30,490 and 43,695 sequences respectively, which corresponded to all 
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transcripts of reference, including all isoforms and alternative promoters. We considered 
for each gene all potential alternative promoters whereas all redundant promoter 
sequences due to alternative splicing were discarded. The gene accession numbers of all 
isoforms corresponding to our predicted genes are listed in Table S1. 
Screening of the full mouse RefSeq database using the PPM within the [-250,+200] 
region retrieved 157 sequences corresponding to unique protein-coding genes (Figure 4A, 
Table S1). Similarly, the screening of the human genome retrieved 100 sequences 
corresponding to unique protein-coding genes. Such an approach allowed us to generate 
an exhaustive list of all possible HMX1 targets, but the high number of positive hits 
resulted in some difficulties with their interpretation. In fact, some of these genes were 
probably true HMX1 targets, but several could also be false-positives, representing targets 
related to TFs with the same binding sites (for example HMX3 or NKX2-5). To improve 
the selectivity of the analysis and to focus on the most interesting candidate genes, we 
decided to add additional filters. 
Initially, we developed a PPM approach based on the conservation of the HMX1-BS pairs 
between human and mouse. In fact, comparative genomics is one of the usual methods 
that aimed at discriminating functional TFBSs from irrelevant ones (reviewed in [11]). To 
keep a relative flexibility, our method was only based on the presence of an HMX1-BS 
pair and did not implicate a strict conservation of the positions or orientations of the 
HMX1-BSs between both species. As already demonstrated, traditional approaches, like 
phylogenetic footprinting, give good predictions but are also likely to miss important 
conserved regulatory elements [26]. Crossing the two datasets showed that only 10 genes 
contained the PPM features in both species (Figure 4B). These genes were classified 
according to the localization of their expression. 
In a second phase, we used another PPM approach based on the co-occurrence of HMX1-
BS pairs, driven by the basic idea that increasing the number of HMX1-BS in the 
promoter region should increase their interaction with HMX1. Such a phenomenon 
should result in a more efficient transcription regulation. To assess this hypothesis, we 
looked at the HMX1- BSs occurrence in all the mouse and human promoter sequences 
fitting the PPM. We observed that the promoter regions contained a maximum of 4 
HMX1-BSs within the [-250,+200] window. Always in accordance with the PPM criteria, 
we determined that 3 sites might form 3 different homotypic HMX1-BSs pairs (P1-2,P1-
FH
3,P2-3), even if it is unlikely that all 3pairscould be considered at the same time due to 
the minimum distance range constraint of 90bp (Figure 5A). 
Similarly, 4 sites might lead to a maximum of 5 combinations (P1-2, P1-3,P2-3, P2-4, P3-
4). It is noticeable that a single given site can be involved in multiple combinations. The 
screening of the mouse genome with this method retrieved 9 genes with 3 sites allowing 2 
different pair combinations, and 1 gene (Epha6) with 4 sites allowing 3 different pair 
combinations (Figure 5B). Interestingly, 3 of these 10 genes (Epha6, Ptpro and Sema3f) 
are expressed in the retina and are involved in axonal growth repulsion (see Figure 6and 
discussion). It represents a 56.6- fold enrichment (P-Value<0.0001) in the mouse axon 
guidance KEGG pathway (mmu04360). Ptpro was incorporated within the pathway 
although it was not initially reported in the KEGG database, in spite of its role as a 
guidance cue in retinal neurons [27,28]. Moreover, a deeper examination of Epha6 
showed an additional HMX1-BS at position [+245,+250] and an additional HMX1-BSs 
cluster fitting the PPM within the first intron (Figure 5C). Among the mouse HMX1- 
BSs, two were conserved in the human EPHA6 proximal promoter. One was unique to the 
human gene. With a similar approach, we identified 8 genes with 3 sites allowing 2 
interactions in the human genome (Figure 5B).  
Experimental validation of several predicted targets by luciferase assay 
We experimentally validated some of these results by luciferase assays performed in N2A 
cells. We first assessed the reliability of our system by co-transfecting the pGL3-Sgcg 
positive control reporter construct with the pcDNA3.1-Hmx1 expression construct. Hmx1 
cotransfection decreased pGL3-Sgcg luciferase expression by 63%, which was expected 
given the dmbo qPCR Sgcg results (Figure 6). Co-transfection of Hmx1 repressed pGL3-
Ptpro and pGL3-Sema3f luciferase expression by 50 and 66%, respectively. 
Discussion 
The major goal of this study was to identify target genes of Hmx1 in the mouse retina.The 
integration of in vitro data from Ament et al. and our in vivo microarray data allowed us 
to obtain a clear picture of the typical basic structure of an HMX1 target promoter [12]. In 
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addition, experimental controls concerning transcript amounts, expression co-localization 
and luciferase assay strongly supported these findings. 
The microarray data yielded a first set of information about the molecular phenotype of 
the dmbo retina. The MetaCore analysis underlined that a lack of HMX1 protein altered 
synaptogenesis and visual perception, two biological processes occurring at P15 [29]. At 
this time, we cannot say whether these observations were directly linked to Hmx1 loss of 
activity or if they derived from anterior impairments occurring during eye development. 
Then, we used the microarray data to construct a high specific PPM based on HMX1-BS 
clusters. It revealed that Sgcg, Tshz2 and Slc6a9 were Hmx1 targets in the mouse retina at 
P15. Using degenerated binding motifs for PPM construction, such as the minimal CAAG 
core motif, led to higher sensitivity but also to very low specificity with no significant 
enrichment. Such a low specific PPM cannot be used for prediction because it would 
probably yield an extremelyhigh number of false positives. However, we thought that 
Hmx1 probably binds degenerate motifs in vivo but no position weight matrix is currently 
available to perform a better PPM for Hmx1. Moreover, it’s important to keep in mind 
that the sensitivity of the original PPM is very likely under-estimated because some of the 
differential expressions observed for gene belonging to the (+)-training set probably result 
from secondary events and are not directly linked to Hmx1. 
The expression of Hmx1, Tshz2, Slc6a9 and probably Sgcg were observed in the 
glycinergic amacrine cells, a cell type which establishes synaptic contacts with rod-driven 
bipolar cells and play an important role in neurotransmission. Tshz2 (Tshirt zinc finger 
family member 2) is involved in axonal growth network in the mouse retina and is also 
expressed in the zebrafish neural retina at 48 hours post fertilization [30,31]. Slc6a9 is 
specifically expressed in the glycinergic amacrine cells where it plays an important role in 
glycine uptake, and also controls N-methyl-D-aspartic acid receptor coagonist occupancy 
in the mouse retina [32]. The role of both these genes in the retina needs to be further 
investigated. However, their expression seemed to be totally or partially compensated at 
P60, suggesting that Hmx1 does not solely regulate them. The positive deregulation of 
Sgcg in qPCR was very impressive (about 1000-fold) but it didn’t correlate with a higher 
amount of proteins in dmbo retina. It is likely that Sgcg was strongly regulated at the level 
of translation which would explain why this dramatic increase of transcripts had no effect 
on the protein level, as shown for other genes related to cell adhesion [33]. Besides, the 
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overexpressed γ-sarcoglycan could form aggregates which could be degraded in the 
endoplasmic reticulum, as supported by the proteolysis process enrichment in MetaCore 
analysis (Figure 1B). Its role in the dmbo retinal phenotype remains unclear. Another 
finding resulting from the microarray analysis was that Hmx1 could act in vivo as a 
transcriptional repressor or activator. The first in vitro study done by Ament et al. 
Showed only a repressor effect, but their work was done in HeLa cells indicating that 
cellular context may play a role in mediating HMX1 activity [12]. 
The second part of our study consisted to use our PPM to screen the genome and discover 
other putative targets of HMX1. More precisely, we focused our attention on the 
identification of HMX1 targets that could be involved in eye development. This would 
help in understanding the bases of the human oculoauricular syndrome caused by Hmx1 
mutation [5]. The first method consisted in using the PPM to screen the RefSeq database 
of mouse and human. It retrieved a large but expected number of genes despite the short 
screening window that was used. Many of these genes represented interesting candidates 
(See Table S1 for a complete list). In order to be more selective, we crossed human and 
mouse selections to keep only genes fitting the PPM in both species. Among the 10 genes 
that we retrieved, four have been reported to be expressed in the eye, during development 
(EPHA6, MARCKS and UHRF1), or during adult life (SEPT4) [34-37]. In addition, 
SH3KBP1 was predicted to be a target of Hmx1 and is highly expressed in Schwann cells, 
where it is regulated by SOX10 [38]. Interestingly, a recent study showed that a balance 
between SOX10 and HMX1 regulates neuronal versusSchwann cell precursor and 
melanocyte fates [39]. Our second method based on the cooccurrence of HMX1-BS pairs 
retrieved 10 genes in the mouse genome and 8 in the human genome. EPHA6, UHRF1 
and SH3KBP1 were identified by both methods, increasing the confidence that these 3 
targets were true targets. In the mouse, the Epha6 promoter showed the highest number of 
HMX1-BS pairs combinations with 4 sites located within [-250,+200]. A wider 
examination of the region surrounding its TSS showed additional HMX1-BS clusters 
fitting the PPM in the proximal promoter and in the first intron. With Ptpro and Sema3f, 
Epha6 belongs to the retinal axon guidance pathway and plays an important role in 
retinotopic mapping [34,40,27,28,41]. In addition, these three predicted targets occupy 
key places as inputs of the axon repulsion signaling pathway, supporting a specific and 
effective action of Hmx1 in this process (see Figure 7 for more details). Finally, the strong 
and highly significant enrichment of 20 this pathway in the mouse selection obtained with 
G0
HMX1-BS pairs co-occurrence based method underlined the likely role of Hmx1 in the 
establishment of retinal topography. The luciferase assay results gave some experimental 
evidences to validate this hypothesis. As a positive control, we first showed that Hmx1 
can act as a repressor and decrease the activity of the Sgcg promoter in the N2A cells. 
This result was expected based on the dramatic increase of Sgcg expression in dmbo 
mice. Then, we showed that Hmx1 represses the activity of Ptpro and Sema3f promoters. 
In the future, we will specifically focus our efforts on the functional study of Epha6, all 
the more so as the Ephrin pathway was already considered by Schorderet et al. to be a 
putative target of Hmx1 [5]. We also noted that the human selection contained a new 
interesting gene expressed in the eye, FOXP1 [42], in addition to UHRF1 and EPHA6. 
Finally, some of the remaining predicted targets unrelated to the eye could be potential 
HMX1, NKX2-5 or HMX3 targets in other tissues and will need further investigation. 
Several recurrent questions about TFBSs identification arose from our study. The first 
concerns the conservation of CRMs between human and mouse. In fact, we observed a 
poor conservation of our PPM between both species, whereas numerous studies showed 
that evolutionary conserved regions overlap functional regulatory elements (reviewed in 
[11]). Actually, approaches integrating comparative genomics data succeed to identify 
CRMs with a high positive predictive value but overlook CRMs specific for a given 
species. Single-genome bioinformatic approaches are more convenient to solve this 
problem. In this manner, a study based on empirical potential energy of TFs revealed that 
CRMs occur in conserved and nonconserved regions, and about 55% of them have a poor 
conservation score [43]. In particular, this study underlined that the less well-conserved 
CRMs concern genes related to neural activity. It could be explained by the fact that the 
nervous system function is specific for species, by contrast with more fundamental 
processes as transcription for example. Prediction of neural specific TFBSs appears to be 
harder than others; fortunately it has been showed that homotypic CRMs are a good 
predictor of regulatory elements, especially for target genes related to TFs involved in 
neural development [17]. In a general way, homotypic CRMs are strongly associated with 
the region surrounding the TSS and the developmental enhancers, with no systematic 
phylogenetic conservation. These observations rationalize the results we obtained with a 
singlegenome approach and the PPM-based method focused on the co-occurrence of 
HMX1-BS pairs, in particular with the mouse axon guidance pathway enrichment. 
Finally, we think that adding a distance range constraint to the PPM gave more accurate 
G1
results than simply count the TFBSs in the screening window. Actually, optimal distances 
for interactions are supposed to be specific for a given TF and including this parameter in 
the model should give more specific results [26]. 
In conclusion, our strategy was successful in identifying HMX1 targets because the PPM 
we constructed based on the P15 microarray data revealed, a posteriori, an important 
pathway involved in retinal development (i.e,. axon repulsion during retinal axon 
guidance) in addition to the first three targets (i.e,.Sgcg, Tshz2 and Slc6a9). These 
subsequent outcomes brought an additional proof of the robustness of our PPM approach, 
and open new opportunities to focus experimental investigations on this specific aspect of 
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Legends and figures 
Figure 1 Summary of microarray results. A) Up and down regulated genes with a 
foldchange>1.2 and a FDR<0.1 or <0.01. B) MetaCore GeneGO Process Networks 




Figure 2 Elaboration and statistical validation of an Hmx1 PPM. A) Flowchart of the 
PPM construction. #see (B) for details. B) Details of Sgcg, Tshz2 and Slc6a9 promoter 
structure. Forward (CAAGTG) and reverse (CACTTG) HMX1-BSs are symbolized by 
black and white triangles respectively. The H letter indicates an HMX1-BS that is strictly 
conserved in human. C) Statistical validation of the PPM. Columns represent the 
percentage of promoters carrying at least 1 HMX1-BS or fitting the PPM in each group. 
Promoter count details are indicated for the FDR<0.1 group and the (+)-training set 




Figure 3 Characterization of Sgcg, Tshz2 and Slc6a9 expression. A) qPCR analysis of 
Sgcg, Tshz2 and Slc6a9 expression in WT, heterozygous (HT) and dmbo whole retina at 
P15 and P60. The significance of the differences between WT and HT or dmbo mean 
mRNA expression levels are determined by three independent experiments done in 
triplicate. All qPCR efficiencies are above 1.96 with a Pearson’s r above 0.99. mRNA 
levels are expressed as a ratio of the Hmx1 WT level, in P15 and P60 experiments, 
independently. Bars, SD; *PValue<0.01, **P-Value<0.05, ***P-Value<0.001. AU, 
arbitrary units. B) Heatmap representation of Hmx1, Sgcg, Tshz2 and Slc6a9 expression 
in the different cell types of the mouse retina according to the gene expression profile 
database [22]. C) Immunostaining of γ-Sarcoglycan in WT and dmbo retina at P15. White 
arrows indicate an accumulation of γ-Sarcoglycan at the border delimitating the INL and 
the IPL. DAPI, DAPI staining; Merge, overlap between DAPI and γ-SG immunostaining. 
ONL, Outer nuclear layer; OPL, Outer plexiformlayer; INL, Inner nuclear layer; IPL, 





Figure 4 PPM-based genome-wide target selection focused on the conserved HMX1-
BS pairs. A) Flowchart of the PPM-based genome-wide target selection. B) Venn 
diagram illustrating the overlap between human and mouse target selections. Expression 




Figure 5 PPM-based genome-wide target selection focused on the co-occurrence of 
HMX1-BS pairs. A) Simultaneous possible combinations of HMX1-BS pairs allowed by 
the PPM with 3 or 4 HMX1-BSs. Pairs are identified according to HMX1-BSs numbers. 
B) Flowchart of the mouse and human PPM-based selections filtering according to 
HMX1-BS pairs counting. #see Figure 4 for details regarding the PPM-based selection 
process. Expression localization in the retina is indicated for genes carrying multiple 
HMX1-BS pairs. Significant enrichment in axon guidance pathway is also indicated (see 
text). C) Details of human and mouse EPHA6 structure in the region surrounding the 
TSS. Forward (CAAGTG) and reverse (CACTTG) HMX1-BSs are symbolized 
respectively by black and white triangles. Distances (bp) between HMX1-BSs are 





Figure 6 Transcriptional repression of predicted target genes by Hmx1. The pGL3-
Sgcg (positive control), pGL3-Sema3f and pGL3-Ptpro reporter plasmids were co-
transfected with the empty pcDNA3.1 or the pcDNA3.1-Hmx1 expression vectors into 
the N2A cells. For each gene, the activities are shown relative to the pGL3 constructs co-
transfected with the control empty pcDNA3.1. Firefly luciferase activities were 
normalized against the co-transfected β-galactosidase activity. Bars, SD; *P-Value<0.01, 




Figure 7 Mouse axon guidance pathway map. Adaptated from the mmu04360 KEGG 
pathway. EphA6, Sema3F and PTPRO are localized in red in the pathway. Note that 
PTPRO was originally absent from the map. Outputs of ephrin and semaphorin pathways 






Table 1 Specificity of PPM-based selection methods. LS-PPM, Low specific PPM; 



































Table S2 Sequences and amplicon sizes of qPCR primer pairs used in this study 
	
Table S3 Up-regulated genes with a FDR<0.1 and a fold-change>1.2. #Orientation of 
HMX1-BSs are indicated; F, forward strand (CAAGTG); R, reverse strand (CACTTG). 
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Table S4 Down-regulated genes with a FDR<0.1 and a fold-change>1.2. #Orientation 





Table S5 Gene functional classification of FDR<0.1 differentially expressed genes 
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The H6 homeobox 1 (HMX1) gene encodes a transcription factor from the HMX/NKX5 
family. Hmx1 is expressed in the developing sensory nervous system, retina and 
craniofacial mesenchyme. Mutations at the HMX1 locus lead to mild craniofacial defects 
restricted to the ear and neighbouring structures in humans, rats, cows and mice. In 
humans, mutations in HMX1 are responsible for the oculo-auricular syndrome of 
Schorderet-Munier-Franceschetti (OAS-SMF), a developmental defect causing multiple 
ophthalmic anomalies, microphthalmia, retinal degeneration and external ear 
malformations. The mouse model for Hmx1 loss-of-function mutation, called dumbo 
(Hmx1dmbo), also exposes ear deformities and exhibits 50% perinatal lethality. In the 
dumbo mouse embryo, Hmx1 is expressed in the craniofacial mesenchyme in specific 
regions of the 2nd branchial arch, the developing eye, otic vesicle and in the posterior 
mesenchyme. Dumbo mice show general growth retardation, and persistence of 
microphthalmia in adulthood, but without the OAS eye phenotype. Here we introduce a 
new perspective through detailed analysis of the craniofacial defects present in stillborn 
dumbo pups. The death ratio of newborn homozygous individuals confirms the perinatal 
lethality of the mutation. Unlike their surviving littermates, dumbo stillborns present 
critical craniofacial and chest deformities, such as cleft palate and bone hypoplasia of 
premaxilla, maxilla, palate, zygomatic process, frontal and mandible. In some cases, 
thoracic cage malformations were also observed. These lethal deformities provide a new 
explanation for the lethality of the mutated mice. They also highlight a new HMX1 




Transcription factors from the homeobox gene family were first described in the 
Drosophila melanogaster, and later identified in most mammals and birds [1]. In human, 
a 60-amino acid homeobox domain defines the HMX homeobox family of transcription 
factors, previously known as NKX5 family. Homeobox genes are known to play critical 
roles in organ development, and deregulation of the process has morphological 
consequences [1-2]. Within this family, the H6 family homeobox 1 (HMX1) gene (MIM 
142992), located on human chromosome 4, is expressed in the retina in 5 week-old 
human embryos, in the developing auricular mesenchymal cells and in the perichondrium 
of the intrinsic cartilages of the pinna in 20 week-old fetuses [3]. In the developing 
mouse, Hmx1 is expressed in the peripheral nervous system, the otic vesicle and in 
cranial neural crest derived cells: the developing eye, the trigeminal ganglion, and the 2nd 
branchial arch [4,5]. To date, mutations at the HMX1 locus have been linked to mild 
craniofacial defects restricted to the ear and its neighbouring structures in cows, rats and 
mice [4,6,7,8]. In human, homozygous mutations in HMX1 are responsible for the oculo-
auricular syndrome of Schorderet-Munier-Franceschetti (OAS-SMF) (MIM : 612109) 
[3,9,10]. This syndrome is characterized by several features including ophthalmic 
anomalies (microcornea, microphthalmia, cataract, anterior-segment dysgenesis, 
coloboma, rod-cone dystrophy, and retinal pigment epithelial modifications) and an 
unusual cleft earlobe. In this study, we focused on the dumbo mouse originating from a 
random ENU mutagenesis of proximal mouse chromosome 5 [11]. The Hmx1 dmbo allele 
involves a nonsense mutation that lies in the amino-terminal side of the homeodomain, 
resulting in an undetectable truncated mutant protein. The Hmx1 dmbo allele is thus 
considered a functionally null mutation [5]. Dumbo mice exhibited enlarged ear pinnae 
with apparent ventrolateral shift. Skull malformations were mild, with only hyperplasia of 
the gonial bone and irregularities along the caudal border of the squamous temporal bone. 
Only moderate degrees of microphthalmia were reported, and no retinal degeneration was 
detected, whether in young or adult mice [4]. Despite recent studies, the HMX1 pathway 
remains incompletely understood and the dumbo mouse should represent a good model 
for further investigation. 
In the study of craniofacial birth defects, mouse models have enabled progress in the 
understanding of evolution and regulation of both craniofacial development and 
syndromes [12]. The molecular mechanisms underlying fate determination of cranial 
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neural crest (CNC) cells, which eventually form craniofacial structures such as bone, 
cartilage, teeth, nerves and muscle, are complex and numerous. Several pathways, 
including Endothelin, Ephrin and other members belonging to the transforming growth 
factors family (such as Bmp4 or Fgf8) have already been shown to be critical 
[12,13,14,15].  
Like humans [10], dumbo mice exhibit some craniofacial malformations. Since cells 
expressing Hmx1 are found in the CNC-derived progenitor site from which most of the 
craniofacial skeleton and cartilage originates [16,17] (Fig. 1), we decided to investigate 
the potential implications of Hmx1 in craniofacial development. This study also aims at 
providing a new explanation for the semi-lethality in dumbo mice and suggesting new 




Perinatal lethal mutation of Hmx1 
For this study we obtained dumbo mice bearing the Hmx1 dmbo allele (Hmx1dmbo) strain 
C57BL/6;C3HeB/FeJ-Hmx1dmbo/Rw/JcsJKjn, from Jackson Laboratories (Stock #008677). 
Mice were then backcrossed to C57BL/6J for 5 generations to eliminate the rd1 
phenotype due to a mutation in Pde6b, also located on chromosome 5 (see Materials and 
methods). 
To decipher unrevealed impact of Hmx1 mutation we monitored 4 mixed crossings of 
Hmx1dmbo/dmbo with Hmx1dmbo/+ mice, and 6 crossings of heterozygous Hmx1dmbo/+ parental 
mice. Pregnancy of females was recorded by daily weight measurements in the morning, 
which allowed detection of premature loss of litters (S1 Figure), and precise counting of 
litters at birth, including the number of stillborn (Table 1). We observed an increased 
level of perinatal death compared to control C57BL/6J mice, generating 30 stillborn over 
77 births in dumbo breeding (39% of total birth) (Table 1). Z-Test of proportion (lower 
tailed test, p = 0.05) confirmed that the occurrence of the Hmx1dmbo/dmbo genotype in 
heterozygous crossings as well as in mixed crossings was lower than the expected 
Mendelian proportion. In heterozygous crossings, a Chi-Square Test of Independence (p 
= 0.05), confirmed that Hmx1dmbo/dmbo had reduced chances of survival compared to 
Hmx1dmbo/+ and Hmx1+/+ newborns. It is important to mention that the overall high 
perinatal mortality also observed in non-homozygous pups could be due to the stress of 
the dams induced by the daily weighting during pregnancy. Nevertheless this bias was the 
























Hmx1dmbo/+ cross Hmx1dmbo/+ 
Hmx1+/+ 0.25 14 7 7 0.33 
Hmx1dmbo/+ 0.5 23 17 6 0.53 
Hmx1dmbo/dmbo 0.25 6 1 5 0.14 
Hmx1dmbo/+ cross Hmx1dmbo/dmbo 
Hmx1dmbo/+ 0.5 24 21 3 0.71 
Hmx1dmbo/dmbo 0.5 10 1 9 0.29 
 
Finally, as with the data found for the dumbo mice backcrossed with C57BL/6N [5], we 
did not detect exencephaly in the collected stillborn pups, this being only observed in the 
Dmbo Rw mice. Our results confirm the previous hypothesis that this phenotype arises 
from interactions with other alleles associated with Rw or 6N genetic backgrounds [4,11]. 
 
Craniofacial and chest deformities in dumbo stillborn 
As many dumbo mice were stillborn, or died within the first few days of life, we 
investigated their craniofacial and chest phenotypes in detail and compared them to 
surviving dumbo mice. Because of its particular specific expression in the otic vesicle and 
developing eye, Hmx1 has mainly been studied for its role in the development of these 
organs [4]. However, Hmx1 is also present in CNC-derived cells and in the 2nd branchial 
arch, these giving rise to most of the cartilage and bones of the skull, facial and branchial 
skeletons [18] (Fig. 1). To characterize bone morphology, control C57BL/6J newborns 
from P1 to P3 were euthanized by decapitation. Stillborns from dumbo breeding, being 
either from control genotypes (Hmx1+/+ and Hmx1dmbo/+) or homozygous genotype 
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(Hmx1dmbo/dmbo), were collected after birth. Genotypes were assessed by Hmx1 
sequencing. Among the dumbo crosses, craniofacial or chest malformations were 
observed in 8 out of 11 Hmx1dmbo/dmbo, 1 out of 10 Hmx1dmbo/+ and 0 out of 3 Hmx1+/+ 
mice. There is a significant predominance of craniofacial malformation in homozygote 
dumbo stillborn compared to heterozygote stillborn (T-test: p = 0.05). Two out of 8 
C57BL/6J control mice also showed some craniofacial deformity, i.e., hyperplasia of the 
tympanic bullae that was never observed in the dumbo mice.  
 
Fixed skeletal whole mounts were stained with alizarin red and alcian blue to directly 
visualize bone and cartilage (Fig. 2-5). In addition, microCT scans of several specimens 
were taken (Fig. 6). Both types of analysis confirmed craniofacial and chest deformities 
in dumbo homozygous stillborn mice. As previously reported [4,11], surviving dumbo 
homozygotes present phenotypic variations of a skeletal nature: laterally-protruding ears, 
hyperplasia of the gonial bone, deformation of the border of the squamous temporal bone 
and enlargement of its retrotympanic process. In addition, we showed that stillborn 
homozygotes presented critical craniofacial and chest deformities, such as cleft palate, 
bone hypoplasia of premaxilla, maxilla, palate, zygomatic process, orbital region and 
mandible (Fig. 2-6). At birth, the maxillary and palatine processes converged toward the 
midline in wild-type mice (Fig. 2A). In Hmx1dmbo/dmbo stillborn mice, palatal deformity 
was observed. The maxillary and palatine processes were absent (Fig. 2B,C and 6B,F), 
thus forming a cleft palate and exposing the vomer and the presphenoid. The maxilla was 
the most impacted bone of the craniofacial structure. In 6/11 of the affected specimens, 
we observed maxilla hypoplasia (Supporting table 1). The ocular globe develops between 
the supportive orbitosphenoid bone and the zygomatic process; in dumbo mice both 
structures were altered. Hmx1dmbo/dmbo stillborn mice presented hypoplasia of the 
orbitosphenoid and an incomplete closure of the anterior ethmoid foramen rising from the 
frontal bone in 2/11 of the cases (Fig. 3B,C and 6D). Moreover, the zygomatic process 
failed to form (Fig. 6D,H), with hypoplasia of the jugal and the zygomatic process of the 
squamosal and maxilla in 3/11 of the cases (Supporting table 1). Mandibles were afflicted 
to a lesser extent. In general, only the dental structure failed to form and the lower 
incisors were missing (Fig. 4C,D). One exception was observed in an animal presenting 
massive malformations with a large part of both mandibles missing (Fig. 4B), with no 
possible doubt of damaged inflicted by maternal eating as the skin was not affected. 
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Although not derived from cranial neural crest cell progenitors, bones of the chest 
presented deformities in 5/11 of the cases (S2 Table). Two types of malformations were 
observed: either an asymmetric fusion of the ribs causing an asymmetric deformity of the 
stenebrae (Fig. 5B and 6I), or an axial segmentation of the 4th stenebra and the 
xiphisternum (Fig. 5C,D,E).  
The remainder of the skeleton and the limbs appeared normal (data not shown) despite 
their smaller size according to the growth curve of homozygous mice (see below). We 
conclude that a lack of Hmx1 specifically affects the growth of craniofacial and sternal 
bones. A summary of the affected cranial bones in dumbo mice is detailed in Fig. 7.  
 
Eye phenotype in dumbo mice 
As suggested by the name of the mutation, dumbo mice exhibit a marked displacement of 
the pinna, visible both in adults [4,19] and in newborns [6]. Additionally to the ear, 
microphthalmia has been quantitatively associated in newborn dumbo homozygotes with 
a reduction of 9% of the eye diameter [6]. In the present study, measurements of the 
enucleated eye diameter in homozygotes compared to heterozygotes revealed that 
microphthalmia was conserved until adulthood with an ocular diameter at 2 months of 
3.02 ± 0.15 mm compared to 3.32 ± 0.09 mm for the heterozygotes (p< 0.0001). We also 
observed in several dumbo homozygote mice an association of blepharophimosis with 
microphthalmia (data not shown). 
 
Decreased body mass in dumbo mice 
Dumbo homozygote mice were reported to have a reduced body mass between P3 and 
P10 [4]. To further investigate whether a catch-up phenomenon was taking place during 
growth, mice from both intercrosses of homozygotes together or homozygotes and 
heterozygotes were weighed once a week from week 4 to week 26. Both males and 
females weighed around 15% less than heterozygotes up to 6 months (Fig. 8). 
 
DISCUSSION 
The dumbo mouse is an interesting model to study Hmx1. The fact that stillborn exhibit 
unexpected craniofacial and chest deformities compared to all previously published 
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phenotypes [4,6,11] brings a new perspective to its role. The skeletal structure deformities 
in dumbo mice observed in our study were not restricted to the pinna, but were also 
observed in the following bones at various degrees: maxilla, squamous, palate, jugal, 
frontal, orbitosphenoid, mandible and stenebrae.  
 
Expression patterns of Hmx1 and craniofacial development 
It has previously been shown that Hmx1 was expressed in craniofacial mesenchyme 
originating from both neural crest and mesoderm derived progenitors [5]. It is therefore 
interesting to focus on the connection between those cells and craniofacial development. 
The head structure, from the hyoid to the tip of the parietal, emerges from the extension 
of branchial arches (BA) 1 to 4. BAs expand during embryonic development by 
proliferation of neural crest cells from the neural plate: forebrain, midbrain and hindbrain 
[20]. This migration of CNC cells occurs between the rostral cranial axis and the 
posterior-anterior cranial axis and is concomitant with the activation of several 
homeodomain transcription factors, including Hox, Dlx, Otx and Emx genes [18,21]. 
We previously showed that Ptpro, a negative regulator of Ephrin receptors [22], Epha6, 
and Sema3f expressions were regulated by Hmx1 [23,24]. Both mutations reported so far 
in the OAS-SMF syndrome abolished HMX1 ability to regulate EPHA6, Sema3f and 
Ptpro [10,24]. In mice, Neuropilin 2 receptor is expressed in migrating CNC cells 
targeting BA1 and BA2 and its ligand Sema3f is secreted in the caudal midbrain. They 
synergistically prevent intermingling of the CNC cells stream between BA1 and BA2, 
and are essential for CNC cells migration and trigeminal ganglion condensation [25].  
Later in development, craniofacial skeletal elements formation is driven by two 
structures: BA mesoderm and mesenchyme on one hand and neural crest progenitors on 
the other hand [18,20,26,27]. As Hmx1 is not expressed in the bone precursor cells 
located at the sites of malformation between E10.5 and E13.5 [4,5], it would be 
interesting to analyze expression patterns at later embryonic stages, for example when the 
palatal process development occurs between E11.5 and E16.5 [12]. Taken together, this 
indicates that Hmx1 may play a regulatory role during the segregation of the migrating 
CNC cells. Therefore, absence of Hmx1 in dumbo mice might either affect the fate 
determination of CNC cells, and/or influence Ephrin and Semaphorin signaling, resulting 
in the observed craniofacial malformations. Thus, even if Hmx1 is not expressed in the 
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maxillary process of BA1, its location along the midbrain could potentially interact with 
the maxillary and frontal development. In this study we essentially focused on the skeletal 
derivatives, and it remains to be determined if cranial nerve and muscle derivatives are 
also affected by the absence of Hmx1 in the dumbo mouse model. 
 
Cleft palate, frontal and maxilla hypoplasia & chest deformities 
The fate of CNC cells does not solely rely on an intrinsic program, but also depends on 
several growth factor signaling pathways that are expressed by the ectoderm and 
endoderm. The mandible originates from the mandibular process of BA1 and relies on 
two major signaling pathways: Fgf at the proximal part and Bmp at the distal part. 
Specifically, loss of Bmp signaling can lead to defects of the distal region or a completely 
missing mandible [28]. Bmp4 is also responsible for the development of incisors from the 
mandibular ectoderm. In this study we only observed modification impacting the lower 
incisor, while molar development could not be assessed, as these teeth are not observable 
at birth.  
Palate development is a multistep process including palatal shelf growth and elevation, 
fusion of the shelves and disappearance of the midline epithelium. This process starts at 
E11.5 and terminates around E16.5. In most models of cleft palate, gene mutations result 
in the failure of cell proliferation that occurs on various areas of palate growth, depending 
on the gene mutated [12]. Interestingly, in our study the palatine cleft and the failure of 
bone closure from each shelf are concordant with multiplication failure of the embryonic 
craniofacial mesenchymal cells, as observed in Basonuclin 2 (Bnc2) null mice [29,30]. In 
this model, all palatogenesis processes occur normally up to elevation at E15.5, but 
growth insufficiency of the palatal processes leads to a cleft at birth. We observed the 
same feature in the dumbo mice, where palatal processes of palate and maxilla are present 
but very reduced (Fig. 2). However, unlike with Bnc2-/-, we did not observe calvarial 
defects. This suggests that Hmx1 might act on the multiplication of mesenchymal cells 
and be restricted to specific bones. Another mouse model that exhibits several of the 
features observed in dumbo is the Ephrin-B1 null mouse. During development, Ephrin-B1 
binds to EphB2 and EphB3 receptors, and its complete loss of function results in variable 
degrees of cleft palate, malformation of the tympanic ring and rib pairing defects [31]. 
The rib defects resemble those of dumbo mice (Fig. 5). Compound heterozygous 
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mutations in EphB2 and EphB3 also lead to a cleft palate phenotype [32]. The implication 
of EphB1 and EphB2 in the development of the calvarial bone [33], a structure not 
deficient in dmbo mice, would suggest that they are not targets of Hmx1. The potential 
interaction of Hmx1 on EphB3 remains open.  
In our study, the maxilla was one of the most frequently impacted bones (Fig. 6B,D,H). 
Suture of the frontal and the maxillary bone occurs between E19 and P0 and is crucial for 
the support of the eye. Malformation of the palatal process is a common pattern in cleft 
palate and elucidates part of the observed phenotype in dumbo mice. However, 
concerning the hypoplasia of the rostral part of the maxilla including the suture with the 
frontal and the zygomatic processes (Fig. 6D,H), we failed to find a similar mouse 
phenotype in the literature. A potential explanation could be that EphA6, a direct target of 
Hmx1 [24] and a gene expressed in the maxillary process at E12.5 [32], is dysregulated 
during this process. However, this remains to be shown. 
Concerning the optic area, an interesting mouse model with selective modulation of Fgf8 
expression presented comparable malformations of the optic capsule with maxilla, ala 
orbitalis, alisphenoid and orbitosphenoid defects [34]. However, the Fgf8 mutant also 
exhibits complete midline cleft, which was not the case in dumbo mice.  
 
The dumbo mouse is a model for craniofacial morphogenesis defect 
Until now, it was suggested that, with the exception of humans, Hmx1 was restricted to 
the developmental pathway of pinna morphogenesis [6]. However, our current data 
indicate that craniofacial malformations are a prominent feature of dumbo stillborn mice 
and that Hmx1 contributes to the development of skeletal structures such as maxilla, 
squamous, palate, jugal frontal, orbitosphenoid, mandible and stenebrae. Interestingly, the 
phenotype observed in humans with OAS-SMF seems to be more restricted to the eye 
[3,10]. This difference might be explained by the absence of data concerning neonatal 
cases of lethality in this syndrome. In the future, it will be interesting to study the eye 
phenotype of stillborn dumbo mice. Moreover, our observations did not allow us to 
exclude intrauterine death or embryonic developmental retardation, as the overall 
Mendelian ratio was lower than expected even when counting dead animals (Table 1). It 
is possible that some pups may have been unaccounted for because the dams ate them 
before the first inspection. It may be interesting to evaluate this further. 
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To conclude, our data suggest an important implication of Hmx1 in the branchial arch 
patterning and craniofacial morphogenesis. Several pathways mimicking the dumbo 
phenotype are key targets for further studies. An emphasis on Semaphorin and Ephrin 




MATERIALS AND METHODS 
Mice and genotyping 
Hmx1 mice bearing the dmbo allele (Hmx1dmbo) strain C57BL/6;C3HeB/FeJ-
Hmx1dmbo/Rw/JcsJKjn were obtained from Jackson Laboratories (Stock #008677). The 
Hmx1dmbo allele was induced by ENU mutagenesis of C57BL/6 inbred mice. By routine 
genetic control of the strain we detected a mutation in the Pde6b gene, also located on the 
chromosome 5, leading to the rd1 phenotype, characterized by early retinal degeneration. 
To eliminate the latter mutation we backcrossed the mice to C57BL/6J for 2-5 
generations prior to the aforementioned experiments. Mice were housed at our animal 
facility in 1284L Eurostandard type II L cages from Techniplast (Indulab AG, Gams, 
Switzerland) fitted with Lignocel select (J. Rettenmaier & Söhne, Rosenberg, Germany) 
under a 12/12 hr light/dark cycle. All animals had unrestricted access to tap water and 
food (pellet standard diet, Provimi-Kliba SA, Kaiseraugst, Switzerland). Couples were 
put together until pregnancy was obvious, then males were separated. Analyzing all the 
pups, including stillborn, helped comply with the 3Rs. The studies adhered to the 
Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of 
Animals in Ophthalmic and Vision Research and were approved by the Veterinary 
Service of the State of Valais (Switzerland). C57BL/6J mice were obtained from Janvier 
(Le Genest St Isle, France).  
Genotypes were determined by PCR of ear punch genomic DNA in the case of living 
individuals and of tail genomic DNA in the case of stillborn and sacrificed individuals. 
Genotyping of the Hmx1dmbo and wild-type Hmx1 (Hmx1+) alleles were performed by 
PCR using oligonucleotide primers surrounding the dmbo mutation (forward primer: 5’- 
GCGCTCAACCCAGGGCGATG -3’, reverse primer: 5’- 
ACCACCTCCGTAGCCGCCGTGCAC-3’). The amplicon obtained was then sequenced 
and analyzed by Sanger methods using the forward primer to decipher wild-type, 
homozygous and heterozygous dumbo mice. 
Skeletal analysis 
Newborns, from P1 to P3, from control group (C57BL/6J) were sacrificed by 
decapitation. Stillborn from dumbo breeding, either controls (Hmx1+/+ and Hmx1dmbo/+) or 
homozygote (Hmx1dmbo/dmbo) mice were collected after birth. Alcian blue and alizarin red 
staining was performed on pups’ skeleton according to prior published methods [35]. 
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Images were acquired on a dissecting microscope equipped with a digital camera (Leica 
DFC 310 FX). 
MicroCT imaging, data processing and analysis 
CT scans were performed with a small rodent microCT (Skyscan 1076, Bruker microCT, 
Kontich, Belgium) to assess the bone structure of the head and chest skeletal part of 
newborn mice from the control (C57BL/6J) and homozygote (Hmx1dmbo/dmbo) groups. 
Scanning of the homozygotes was done after alcian blue and alizarin red staining. The 
skeletal parts were initially stored in 1:1 glycerol:ethanol solution and transferred to 1.5 
ml Eppendorf tubes filled with pure ethanol for scanning. All skeletal parts were 
separated with paraffin films to avoid contact between the different samples. The 
scanning parameters were the following: no filter, voltage 40 kV, current 250 µA, 
exposure time 750 ms and rotation step 0.5°. The spatial resolution was set to 9.2 µm. A 
reconstruction of the projection images was done with NRecon Server (Bruker microCT, 
Kontich, Belgium) using a ring artefact correction of 15 and a dynamic range for image 
conversion extending from 0.005 to 0.07. Stacks of cross-sections in 8-bit bitmap format 
were received as reconstruction output. The datasets were segmented and visualized 
manually with the Amira software (FEI Visualization Sciences Group, Mérignac, France). 
Survey of lethality in dumbo mice 
4 mixed crossings of Hmx1dmbo/dmbo with Hmx1dmbo/+ mice and 6 crossings of 
heterozygous Hmx1dmbo/+ parental mice were observed daily for mating and survey of 
pregnancy. Females were weighed each day during 83 days to assess the progression of 
the pregnancy and detect premature loss of litter. At birth, newborn and stillborn were 
counted, and the later ones removed for further analysis. All individuals were genotyped 
(see Mice and genotyping), and statistical analysis was performed on the proportion of 
each genotype among the litter and on the death ratio (Table 1). 
Measurement of microphthalmia 
Hmx1dmbo/dmbo and Hmx1dmbo/+ mice were sacrificed at 2 months-of-age by cervical 
dislocation, eyes were extracted and the measurement of eye diameter was performed 




Weighing of mice 
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Fig. 1. Schematic drawing of the CNC and paraxial mesoderm fate. Purple represent 
mesoderm-derived cells, pink represent CNC-derived cells (modified from 
[12,17,20,36,37,38]). A) Side view of an E10.5 mouse embryo. Red represents Hmx1 
expression pattern [4,5]. Hmx1 expression is localized in the caudal dorsal and ventral 
part of BA1 encompassing the mnTG, in the caudal part of BA2, in the posterior 
mesenchyme including part of the spinal cord and further in the caudal drg. The pink 
areas represent the repartition of the CNC-derived cells after migration from the rostral 
brain region source. In BA1 and BA2, dotted purple draw means that the mesoderm-
derived cells are present in the centre of the arch and are overall surrounded by CNC-
derived cells. B) Schematic drawing of a newborn mouse skull. C) Schematic drawing of 
an adult mouse skull (adapted from [20,36]). BA1: branchial arch 1, BA2: branchial arch 
2, drg: dorsal root ganglia, FSAG: faciostatoacoustic ganglion complex, mn: mandibular 
process, mnTG: mandibular lobe of the trigeminal ganglion, mx: maxillary process, 
mxTG: maxillary lobe of the trigeminal ganglion, op: optic vesicle, ov: otic vesicle, as: 
alisphenoid, bo: basisoccipital, bs: basisphenoid, eo: exooccipital, ft: frontal, g: gonal, i: 
incus, ip: interparietal, jg: jugal, la: lacrymal, m: malleus, md: mandible, mx: maxilla, na: 
nasal, nc: nasal capsule (ethmoid), ob: otic bulla, os: orbitosphenoid, pa: parietal, pmx: 
premaxilla, pl: palate, ps: presphenoid, pt: pterygoid, s: stape, sq: squamosal, so: 







Fig. 2. Palatal deformities in stillborn Dumbo mice. Newborn mice from the control 
group and stillborn from the dumbo group were stained with alcian blue/alizarin red and 
cleared with KOH. Inferior view of the palatal structure after removal of the mandible. 
(A) Control P1 C57BL/6J mouse. Note the correct contouring of the bone highlighted by 
the red dotted line. The maxillary and palatine processes have converged toward the 
midline. (B-C) Hmx1dmbo/dmbo stillborn mouse. Numbers refer to mouse case number of 
table S1. Note that the maxillary and palatine processes are absent (red arrow) thus 
forming a cleft palate (red star) and exposing the vomer and the presphenoid. As: 
alisphenoid, bs: basisphenoid, cl pl*: cleft palate, mx: maxilla, pl: palate, pmx: 




Fig. 3. Orbital deformities in stillborn dumbo mice. Newborn mice from the control 
group and stillborn from the dumbo group were stained with alcian blue/alizarin red and 
cleared with KOH. Lateral view of the skull. (A) Control P1 C57BL/6J mouse. Note the 
correct place of the suture line between orbital and maxilla bone (red dotted line), the 
starting ossification of the orbitosphenoid and the complete closure of the anterior 
ethmoid foramen. (B-C) Hmx1dmbo/dmbo stillborn mouse. Numbers refer to mouse case 
number of table S1. Note the hypoplasia of the frontal and orbitosphenoid and the 
incomplete closure of the anterior ethmoid foramen. As: alisphenoid, aef: anterior 





Fig. 4. Mandible deformities in stillborn dumbo mice. Left and right mandibles from 
newborn mice from the control group and stillborn from the dumbo group were stained 
with alcian blue/alizarin red and cleared with KOH. (A) Control P1 C57BL/6J mouse. 
Wild-type mandible structure. (B) Hmx1dmbo/dmbo stillborn mouse. Large hypoplasia of the 
mandible up to the dentary, cartilaginous structures were surrounding the edge of the 
malformed mandible (red arrow). (C-D) Hmx1dmbo/dmbo stillborn mouse. Numbers refer to 
mouse case number of table S1. The lower incisor failed to develop (dotted circle) and a 
local hypoplasia of the dentary (red star) occurred. Agp: angular process, cdp: condylar 





Fig. 5. Chest deformities in stillborn dumbo mice. Newborn mice from the control 
group and stillborn from the dumbo group were stained with alcian blue/alizarin red and 
cleared with KOH. Front view of the chest. (A) Control P1 C57BL/6J mouse. 
Morphology of wild-type mouse chest. (B-D) Hmx1dmbo/dmbo stillborn mouse. Numbers 
refer to the case number in table S1. (B) Asymmetric fusion of the rib and asymmetric 
deformity of the stenebrae 1 to 4. (C) Axial segmentation of the sternum between 
stenebra 4 and xiphisternum (yellow dotted line). (D) Axial segmentation of the 
xiphisternum and absence of xiphoid cartilage (yellow dotted line). (E) Axial 
segmentation of the xiphisternum and hypoplasia of the 4th stenebra. Ma: manubrium, st: 





Fig. 6. Skeletal abnormalities in stillborn dumbo mice. MicroCT 3D reconstruction of 
the skull from a control mouse and of the skull and chest from a dumbo mouse. Notice 
that the bone porosity of the homozygote appears stronger due to the alizarin and alcian 
staining procedure. The bone of interest is highlighted by a red dotted line. (A, C, E, G) 
Control P1 C57BL/6J mouse exhibiting a normal bone structure. (B, D, F, H, I) 
Hmx1dmbo/dmbo stillborn mouse. Numbers refer to mouse case number of table S1. (B) Note 
that the maxillary and palatine processes are absent, thus forming a cleft palate (red star) 
and exposing the vomer and the presphenoid bones. (D, H) The zygomatic process is 
underdeveloped due to hypoplasia of the jugal and zygomatic processes of the squamosal 
and maxilla (red stars). (D) The frontal bone failed to form completely (red star) and the 
anterior ethmoid foramen is absent. (F) The maxillary and palatine processes have failed 
to converge toward the midline, leading to a cleft palate (red star). (H) Absence of the 
lower incisor (red dotted circle). (I) Asymmetric fusion of the rib and asymmetric 
deformity of the stenebrae 1 to 4. As: alisphenoid, bo: basal occipital, bs: basisphenoid, cl 
pl*: cleft palate, ft: frontal, hy: hyoid, jg: jugal, lo: lamina obturans, ma: manubrium, mx: 
maxilla, na: nasal, os: orbitosphenoid, pl: palate, pmx: premaxilla, ps: presphenoid, pt: 
pterygoid, sq: squamosal, st: stenebra, t*: tooth missing, vo: vomer, xi: xiphisternum, xi 





Fig. 7. Schematic representation of the craniofacial defect in stillborn dumbo mice. 
Schematic drawing of a newborn mouse skull. A) Red areas represent BA1 and BA2 
skeletal derivatives at birth [36,37] concomitant with Hmx1 expression pattern at E10.5 
[4,5]. B) Summary of all skeletal elements affected in stillborn Dumbo mice. As: 
alisphenoid, bo: basisoccipital, bs: basisphenoid, eo: exooccipital, ft: frontal, g: gonal, i: 
incus, ip: interparietal, jg: jugal, la: lacrymal, m: malleus, md: mandible, mx: maxilla, na: 
nasal, os: orbitosphenoid, pa: parietal, pmx: premaxilla, pl: palate, ps: presphenoid, pt: 
pterygoid, s: stape, sq: squamosal, so: supraoccipital, ty: tympanic ring, vo: vomer, *: 
anterior ethmoid foramen, **: optic foramen. 
 
 
Fig. 8. Body mass of dumbo mice from weaning to adulthood. Weight of Hmx1dmbo/+ 
and Hmx1dmbo/dmbo, for both male and female subjects, was assessed for 26 weeks, (n=10 
mice for each group). The homozygous mice were significantly lighter. (ANOVA: 




Supporting fig. 1. Survey of b
Body mass measurements of females from the 10 crossings. Weight was taken each day 
during 83 days, allowing detection of premature loss of litter
of weight back to normal before the 21 days of gestation (symbolized by red arrows)
Genotypes of both female and male of each cross are described in the legend pan



















ody mass of dumbo females during breeding. 
 which corresponds to a drop 
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1 +/+                     
2 +/+                     
3 +/+                   yes 
4 +/+                     
5 +/+                     
6 +/+                   yes 
7 +/+                     






9 +/+                     
10 +/+                     
11 +/+                     
12 dmbo/+                     
13 dmbo/+                     
14 dmbo/+                     
15 dmbo/+                     
16 dmbo/+                     
17 dmbo/+                     
18 dmbo/+ yes     yes             
19 dmbo/+                     
20 dmbo/+                     
21 dmbo/dmbo yes yes yes yes yes yes yes yes     
22 dmbo/dmbo yes         yes         
23 dmbo/dmbo     yes yes     yes yes     
24 dmbo/dmbo               yes     
25 dmbo/dmbo yes yes   yes             
26 dmbo/dmbo yes     yes             
27 dmbo/dmbo                     
28 dmbo/dmbo                     
29 dmbo/dmbo yes     yes     yes yes     
30 dmbo/dmbo yes yes     yes yes yes   yes   
31 dmbo/dmbo                     
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Listing of newborns of the indicated genotypes from crosses of C57BL/6J mice and from 
crosses of Hmx1dmbo/+ parental mice or mixed crossings of Hmx1dmbo/dmbo with Hmx1dmbo/+ 
(n = 32 mice), note that not all the dead pups from table 1 were analyzed either due to 
partial eating by the dams or because they were used for others studies. All analyzed P0 
to P1 newborns were either stillborn or died naturally after 1 day, except for 5 out of 8 P0 
newborn C57BL/6J mice that were sacrificed. All listed animals bare a case number to 
identify them within skeletal analysis figures. The two wild-type mice from the control 
group harbour a tympanic bulla hyperplasia that was never observed in the stillborn 





% 	   


















































    	 







Visual deficit in Hmx1-/-mice is due to optic nerve hypoplasia 
and abnormal retinotectal projection 
 
Short title: Hmx1 in retinotopic mapping 
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Key findings: 
• Hmx1dmbo/dmbo mice have impaired visual acuity not related to retinal phenotype. 
• Hmx1dmbo/dmbo mice share microphthalmia and optic nerve hypoplasia phenotype 
of the oculo-auricular syndrome of Schorderet-Munier-Franceschetti. 
• Hmx1 mutation causes retinotopic mapping defect responsible of the vision 





Background: During mouse development, the homeodomain transcription factor, H6 
family homeobox 1 (Hmx1) is expressed in the peripheral nervous system, the otic 
vesicle, the developing eye, the trigeminal ganglion, and the 2nd branchial arch. In human, 
homozygous HMX1 mutations lead to the oculo-auricular syndrome of Schorderet-
Munier-Franceschetti (OAS-SMF). Results: We analyzed the dumbo mouse, a mouse 
model of OAS-SMF, bearing null mutation on Hmx1 allele. Homozygous dumbo mice 
showed that the development of the retina and its electrophysiological response were 
normal. The eye phenotype was characterized by microphthalmia and cataract. Although, 
all the retinal cell types were present, visual acuity, as measured by a virtual-reality 
optomotor system, was reduced to near blindness. HMX1 deletion also leads to severe 
optic nerve atrophy with reduction in diameter up to the optic chiasm. Retinal axons 
failed to reach the lateral geniculate nucleus and the superior colliculus, resulting in 
marked defect of retinotopic mapping. Conclusions: Considering the known target of 
HMX1 we propose that HMX1 lies upstream of Ephrin and Semaphorin signalling 




The pattern of synaptic connections in the visual system is established via complex 
guidance mechanisms. Retinal ganglion cells (RGC), generated in mice between E11 and 
E19, extend their axons to the optic nerve head located on the central retina. Then, 
controlled by the Sonic hedgehog (Shh), they exit the globe via the lamina cribrosa to 
form the optic nerve in parallel with its gliogenesis. RGC axons project to their targets 
after reaching the optic chiasm by E14. The major outputs of RGC in the mouse are the 
contralateral superior colliculus (SC) and the contralateral dorsal lateral geniculate 
nucleus (dLGN). RGC axons outgrowth is present in the SC by E15 and in the dLGN by 
E16. During this first phase, axons extend beyond their termination zones. The refinement 
of the retinotopic topography during embryogenesis and after birth occurs via complex 
sets and gradients of regulators such as Semaphorins, Ephrins and Teneurins. On 
activation of these molecular cues, axons undergo fasciculation, segregation, correct 
targeting, and pruning in order to achieve their correct topography. In mice, the final 
retinocolicular map is achieved within the second postnatal week prior to eye opening, 
first in the SC, then in the dLGN (Wilks et al., 2013; Harada et al., 2007). Among these 
regulating signalling pathways, Eph receptors and ephrins are gradually expressed during 
development of the nervous system. Eph/ephrins will alternatively attract or repulse the 
growth cones of the developing axons, whether they are of type A or B. However, 
experiments in knockout mouse models have shown that they are not the only masters of 
retinotopic mapping (Triplett et al., 2012). 
HMX homeobox family members are transcription factors regulating crucial 
developmental processes of sensory organs (Stanfel et al., 2005). Study of homeobox 
genes first started in Drosophila melanogaster, and then homologues were identified in 
mammals and birds (Wang et al., 2000). Human H6 family homeobox 1 (HMX1) gene, 
located on chromosome 4, was identified as being responsible for the oculo-auricular 
syndrome of Schorderet-Munier-Franceschetti (OAS-SMF), and two homozygous 
mutations have been reported so far  (Schorderet et al. 2008; Gillespie et al., 2015). The 
OAS-SMF phenotype (MIM: 142992) is characterized by ophthalmic anomalies 
(microcornea, microphthalmia, cataract, anterior-segment dysgenesis, optic nerve 
dysplasia, coloboma, rod-cone dystrophy, and aberration of the retinal pigment 
epithelium) resulting in a decreased visual acuity of patients and an unusual cleft or 
aplastic ear lobule. The time window and pattern of expression of HMX1 is clearly 
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related to its developmental role in sensory organs. In 5-week-old human embryos, HMX1 
is expressed in the retina, and later in the 20-week-old foetus, in the developing auricular 
mesenchymal cells and in the perichondrium of the intrinsic cartilages of the pinna 
(Schorderet et al., 2008). 
Genetically engineered mice have provided beneficial insights into the pathways involved 
in many syndromes including ophthalmic, and more widely into the molecular 
mechanisms that regulate retinal axon guidance. To date, mutations at the Hmx1 locus 
have been linked to defects of the ear with mild or no eye phenotype in cows, rats and 
mice (Koch et al., 2013, Munroe et al., 2009; Quina et al. 2012b). The dumbo mouse 
model harbours an ENU generated nonsense mutation in Hmx1 (Wilson et al. 2005). The 
Hmx1 dmbo allele presents a functionally null mutation that lies in the amino-terminal 
side of the homeodomain, resulting in an undetectable truncated mutant protein (Quina et 
al., 2012a). In mouse embryos, HMX1 is detected in the peripheral nervous system, the 
otic vesicle and in cranial neural crest derived cells: the developing eye, the trigeminal 
ganglion and the 2nd branchial arch (Munroe et al., 2009, Quina et al., 2012a). As 
mentioned, dumbo mice principally exhibit enlarged ear pinnae with apparent 
ventrolateral shift, hence their name. We have recently refined the phenotype of these 
mice and have shown that branchial arch 1 and 2-derived cranial bones as well as thoracic 
bones are malformed in a subset of nonviable newborns (Bapst-Wicht L, Marcelli F, 
Steininger V, Pochon M, Malfroy Camine V, Kettenberger U, . Schorderet DF, submitted, 
2015). 
The initial mouse eye phenotype description reported moderate degrees of 
microphthalmia, and no retinal degeneration (Munroe et al., 2009; Quina et al., 2012b). 
To study and better understand the role of HMX1 in the ophthalmic defects of OAS-SMF, 
we decided to extensively investigate the ophthalmic anomalies in dumbo mice, and now 




Hmx1dmbo/dmbo mice have cataract and microphthalmia  
OAS-SMF leads to several eye disorders, including congenital nystagmus, bilateral 
microcornea, posterior synechiae, cataract, iris coloboma, microphthalmia, stromal iris 
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cyst, irido-corneal adherences and rod-cone dystrophy (Schorderet et al., 2008; Vaclavik 
et al., 2011; Gillespie et al., 2015). In comparison, most Hmx1dmbo/dmbo mice are 
microphthalmic, with low grade keratoconjunctivitis sicca and entropion, but the eyes 
show no evidence of microcornea, anterior segment dysgenesis, cataract, coloboma, 
retinal detachment or retinal degeneration (Munroe et al., 2009). For our study, mice were 
backcrossed into a C57Bl/6J background in order to remove the Rd1 mutation present in 
the C3H strains. Two phenotypes were observed: microphthalmia and cataract. Both 
phenotypes were very variable, ranging from normal eye size and absence of cataract to 
severe microphthalmia and total cataract. Microphthalmia was always associated with 
cataract, whereas cataract could occur without microphthalmia. These phenotypes were 
already present on the day of eye opening (P13-14, data not shown). To quantify the 
proportions of each phenotype, 68 Hmx1dmbo/dmbo mice were classified into three 
categories after visual assessment of the eye size and the ocular globe opacity: normal 
eye, cataract, and cataract plus microphthalmia. 28% (n=19) of Hmx1dmbo/dmbo mice 
presented normal eyes, 23.5% (n=16) cataract, and 48.5% (n=33) cataract plus 
microphthalmia. All Hmx1dmbo/+mice presented a normal eye phenotype (N=86) (Fig. 
1A). 
 
Hmx1dmbo/dmbo mice have visual acuity impairment 
OAS-SMF patients suffer from markedly decreased vision, with rods being more severely 
affected than cones (Schorderet et al., 2008; Vaclavik et al., 2011; Gillespie et al., 2015). 
To assess whether Hmx1dmbo/dmbo mice suffered from vision impairment, a virtual-reality 
optomotor system was used on C57Bl/6J, Hmx1dmbo/+and Hmx1dmbo/dmbo mice between one 
and six months of age. This system has been widely used for visual acuity assessment of 
animal models including mice (Cuenca et al., 2014, Douglas et al., 2005). Only 
Hmx1dmbo/dmbo mice with normal external eye phenotype were used for this experiment, as 
all mice with cataract and microphthalmia were completely blind (no results for 
optometry measurements and unrecordable ERG, data not shown). Even with this 
experimental bias, Hmx1dmbo/dmbo mice showed very low vision (visual acuity of 0.0-0.1 
cycles per degree (c/d)), whereas Hmx1dmbo/+ mice had a vision comparable to C57Bl/6J 
mice (0.3-0.4 c/d) (Lehmann et al., 2012) (Fig. 1B). 
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Electroretinograms of dumbo mice 
In order to complement the phenotype, electroretinograms (ERG) were performed on 
two- (Fig. 2, pannel 1) and six- (Fig. 2, pannel 2) month-old animals of the three 
genotypes, in both scotopic (Fig. 2A, C and E) and photopic (Fig. 2B, D and F) 
conditions. As for the virtual-reality optomotor analysis, only Hmx1dmbo/dmbo mice without 
cataract were used. No qualitative differences were observed in the retinal cell responses 
between C57Bl/6J, Hmx1dmbo/+ and Hmx1dmbo/dmbo mice (Fig. 2, pannel 1). At six months 
of age, the ERG recordings were still normal for Hmx1dmbo/dmbo mice (Fig. 2, pannel 2). A-
wave and b-wave average of both scotopic and photopic ERG of Hmx1dmbo/+ and 
Hmx1dmbo/dmbo mice (Fig. 3) show no significant differences (*: p=0.1, no stars: 
0.9>p>0.1). These experiments indicate that the retina seems to function normally in 
Hmx1dmbo/dmbo mice. This contrasts with OAS-SMF patients who suffer from early onset 
and rapidly degenerating retinal dystrophy affecting rods before cones (Schorderet et al., 
2008; Vaclavik et al., 2011; Gillespie et al., 2015). 
 
Hmx1dmbo/dmbo mice present a normal retinal phenotype 
To confirm our findings, histological analysis was performed on mice between one and 
twelve months of age. Hematoxylin-eosin staining revealed that all retinal layers were 
present, and no degeneration was observed up to twelve months of age (Fig. 4A, B). 
Retinal thickness was slightly reduced in Hmx1dmbo/dmbo mice compared to heterozygous 
individuals, but this might be due to the general reduction in eye size observed in these 
mice (L. Bapst-Wicht, F. Marcelli, V. Steininger, M. Pochon, V. Malfroy Camine, U. 
Kettenberger, D.F. Schorderet, submitted; Munroe et al., 2009). We also analyzed retinal 
integrity using a non-invasive method. Optical coherence tomography (OCT) was 
performed on Hmx1dmbo/dmbo mice between 6 to 8 months of age and compared to their 
littermate controls (Hmx1dmbo/+) (Fig. 5). Despite the decreased quality of the OCT due to 
cataract in homozygous mice (Fig. 5C,D), we were able to decipher all retina layers and 
observed no alternation (N=3). 
 
Hmx1 is not required for neuronal differentiation in the retina 
Hematoxylin-eosin staining reveals the general retinal structure, but does not provide 
information on the presence or absence of the different cell types. Therefore, 
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immunohistochemistry was performed with antibodies against several retinal cell types 
(Fig. 4 pannel 1 and 2). Rods were stained with recoverin (Fig. 4C, D), cones with S- and 
M-opsin (Fig. 4E, F and G, H, respectively), bipolar cells with Pkcα (Fig. 4I, J), 
horizontal cells with calbindin (Fig. 4K, L), amacrine cells with glycine (staining only 
glycinergicamacrine cells) (Fig. 4M, N), Müller cells with Gfap (Fig. 4O, P), and 
ganglion cells with Brn-3 (Fig. 4Q, R). Ganglion cell axons were stained with Thy-1 (Fig. 
4S, T). All antibodies presented an identical staining between controls and Hmx1dmbo/dmbo 
mice, indicating that all retinal cell types were present, and confirming the retinal 
functionality observed with the ERG.  
 
Defects in axon guidance and atrophy in the Hmx1dmbo/dmbo optic nerve 
Processing of vision from the retina to visual cortex areas requires proper propagation of 
information along the optic nerve and across the optic chiasm to the lateral geniculate 
nucleus (LGN) and superior colliculus (SC). There is no clinical data about optic nerve 
defect at the optic chiasm in OAS-SMF, but examination of the posterior segment 
revealed optic nerve dysplasia in several patients (Schorderet et al., 2008; Gillespie et al., 
2015). As Hmx1dmbo/dmbo mice experience visual impairment but display normal retinas, 
we postulated that the problem occurred in the central visual pathways: optic nerve, LGN 
or SC, contributing to deficits in visual processing. This hypothesis was supported by the 
fact that HMX1 represses EPHA6 expression, a gene implicated in retinal axon guidance 
(Marcelli et al., 2014). To determine whether a normal number of axons leaves the retina, 
optic nerve thickness was measured at the level of the lamina cribrosa in young (1-2 
months) and adult (6-12 months) animals. No significant difference was observed 
between Hmx1dmbo/dmbo mice and controls (N=5, p=0.4, Fig. 6A,B), suggesting an 
implication of the central visual pathways rather than the number of RGC axons exiting 
the retina. We analyzed optic nerve thickness and structures around the optic chiasm and 
performed whole brain explants from adult heterozygote and homozygote mice from 13 
to 26 months of age. Five Hmx1dmbo/+ mice were used as controls. They all presented 
normal morphology of the optic chiasm (Fig. 6D). However, 3 out of the 4 Hmx1dmbo/dmbo 
mice analyzed presented obvious changes in optic nerve and chiasm morphology (Fig. 
6E,F). Measurements of the relative size of optic nerve thickness and optic chiasm width 
from both genotypes confirmed optic nerve hypoplasia with a significant reduction of 
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diameter (p = 0.002) and significant shrinking of the optic chiasm (p = 0.007) in 
homozygote dumbo mice (Fig. 6A,C).  
Normal optic nerves are composed of axon fibers of RGC, astrocytes and 
oligodentrocytes (Watson et al., 2012, Howell et al., 2007). To further study the 
modifications of optic nerves and analyze axonal morphology, cross sections of optic 
nerve were imaged. Nissl staining is an effective method to look for nerve modifications 
and to identify cells types (Fruttiger et al., 1999, Mescher, 2010, Scudamore, 2014, Gresle 
et al., 2012, Weimer et al., 2006). On light microscopy the general morphology of cresyl 
stained optic nerve appeared well preserved with numerous glial cells surrounding axon 
bundles (Fig. 7A). However, the overall number of Nissl positive bodies detected around 
axons appeared to be lower in dumbo mice compared to control animals (Fig. 7B). 
Moreover, the decrease of astrocytes around nerve cells was proportional to the severity 
of hypoplasia, concordant with mouse models of optic nerve deterioration (data not 
shown, Mao et al., 2008). 
 
Retinotopic mapping is abnormal in Hmx1dmbo/dmbo mice 
To determine whether the visual defect was due to disrupted axonal guidance during brain 
development in dumbo mouse model, we performed anterograde labelling of RGC axons 
using fluorescent lipophilic dye (dioctadecyloxacarbocyanine perchlorate, DiO and 
dioctadecyltetramethylindocarbocyanine, DiI). After incubation, the fluorescent dye 
allows for whole tracing of the projections along the optic tract towards the visual input 
(Chan et al., 1998, Chung et al., 2000, Conway et al., 2011, Herrera et al., 2004, 
Godement et al., 1994). To assess whether the hypoplasia of the optic nerve and optic 
chiasm observed in adult dumbo mice was due to a decrease in axon numbers in dumbo 
mice, we evaluated the average size of axon bundles composing the optic nerve as it 
reached the optic chiasm. Because axon bundle size presented a certain heterogeneity 
(Pearson’s Chi-square test, p<0.01) within heterozygote and homozygote dumbo mice, 
the analysis of axon bundle led to no significant difference in axon bundle area between 
the two genotypes (Fig. 7C, D). These results suggest that the optic nerve hypoplasia 
(ONH) observed in Dumbo mice is not a consequence of thinning of axon bundles, but 
rather a decrease in the number of them. This is consistent with the general decrease of 
cell density observed in cross sections. 
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To further address the possibility of abnormal retinotopic mapping, we examined the path 
of optic nerve projections along the brain on coronal cryosections. Positions of the 
labelled axons were annotated and reported on a retinofugal path scheme (Fig. 8A,A’,I). 
The combined observations obtained for the control group (C57BL/6J and Hmx1dmbo/+) 
and dumbo group (Hmx1dmbo/dmbo) allowed us to recapitulate the output of RGC axons. 
Whereas optic projections followed a precise path along the retinofugal path (Fig. 8A,I), 
we observed that Hmx1dmbo/dmbo RGC axons did not correctly follow retinotopic mapping 
(Fig. 8A’,I). Various abnormal outputs of labelled RGC axons were detected throughout 
the brain of dumbo mice, contrary to the control group. Heterozygote dumbo mice 
presented normal retinotopic mapping with projections of the RGC axons along the optic 
tract (Fig. 8D-F), and output in the LGN (Fig. 8F-H). Mapping of RGC axons between 
LGN and SC is somewhat controversial as some models propose an internal axon path 
ventrally towards LGN (Wilks et al., 2013, Paxinos& Franklin, 2013) while others 
propose an external path temporal and posterior to the LGN (Assali et al., 2014). Some of 
the projections in heterozygote mice were co-localized with the thalamic nucleus below 
the fibrium of the hippocampus (Fig. 8D-E). This location was more likely to be the 
projection of the optic nerve layer of the superior colliculus, which lies tangential to the 
hippocampus, and axial variation of our coronal section explained the position switch. 
Our data reinforce the ventral path hypothesis, suggesting that our observations were the 
projections going towards the SC. Homozygote dumbo mice axons targeted the optic 
chiasm and, to a lesser extent, followed the optic tract (Fig. 8F’,G’), but surprisingly 
some outputs were found in the third ventricle (Fig. 8D’-F’), others in the lateral ventricle 
(Fig. 8C’) and the dorsal 3rd ventricle (Fig. 8D’). Failure in the targeting of the optic 
axons was not consistent among the mutant mice (Fig. 8I). While some exhibited 
mistargeting, others showed a normal axon tract path up to the middle of the optic tract 
and no observable prolongation to the LGN. This latest observation is consistent with the 
fact that dumbo mice showed a tendency to have fewer axons forming the optic nerve and 








Hmx1 depletion causes blindness and ONH, a bridge towards OAS-SMF 
The first description of the dumbo mouse supported the view that there was no clear link 
between mouse and human ophthalmic phenotype, apart from a prevalence of 
microphthalmia (Fig. 1) (Munroe et al., 2009, Quina et al., 2012b). Our study presents a 
complete analysis of the ophthalmic characteristics of the dumbo mice and reveals 
decreased visual acuity and ONH comparable to OAS-SMF (Schorderet et al., 2008, 
Gillespie et al., 2015). Both species share a common variability of ONH (Fig. 6), which 
was observed during posterior segment examination in 3 out of 5 patients (Gillespie et al., 
2015). In human, ONH is a common cause of blindness or visual impairment (Garcia-
Filion & Borchert, 2013). In mice, genetic mutations causing ONH are often linked to 
axon guidance molecules involved in retinal axon exit at the optic disc, such as netrin-1, 
L1 and several EphBs (Harada et al., 2007). In some cases, such as ALDH1A3 loss-of-
function mutation (Yahyavi et al., 2013), microphthalmia is associated with ONH (Kaur 
et al., 2013). In the mouse, it is not clear why ONH was not observable posterior to the 
eye until twelve months of age (Fig. 6A). It could be explained by a temporary 
inflammation status, an adult onset degeneration phase or temporary glial compensation, 
but this needs to be further evaluated. It is also important to mention that clinical 
assessments of children with ONH often reveal hypoplasia or agenesis of the corpus 
callosum (Garcia-Filion & Borchert, 2013, Kaur et al., 2013), suggesting that deeper 
histological analysis of dumbo mice brain could reveal other defects. 
 
Hmx1 is crucial for axon guidance in the developing mouse brain 
Loss of visual acuity in OAS-SMF is likely due to retinal disorder and cataract, whereas 
Hmx1dmbo/dmbo mice have retinas and ERG comparable to the control group, reinforcing an 
integrative cause of the visual defect in this model. Our observation of the retinal 
projections in dumbo mice (Fig. 8) is consistent with the embryogenic theory suggesting a 
retrograde degeneration of RGC consecutive to abnormal optic chiasm and brain 
development (Kaur et al., 2013). Regulator genes of retinal neurogenesis could be 
excluded from the potential targets of Hmx1, as we observed no alterations of the neural 
retina. However, genes implicated in optic nerve maturation and in retinotopic mapping 
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are more likely to be involved. Taken sequentially, the sonic hedgehog (Shh) signalling 
pathway plays an important role in establishing retinotopic mapping and gliogenesis 
when RGC axons start to extend from the optic nerve head. After birth, neurotrophins and 
their receptors are involved in the second period of retinal programmed cell death that 
regulates the final number of RGC (Assali et al., 2014, Harada et al., 2007). It will be 
interesting to investigate whether these genes act on Hmx1 during development. 
Retinotopic mapping presents some limitations. Indeed, even if anterograde tracing is a 
well-proven technique for embryo and newborn visual system analysis (Conway et al., 
2011, Herrera et al., 2004, Godement et al., 1994, Chung et al., 2000, Chan e al., 1998), to 
our knowledge no studies have been performed in adult mice. We were able to label parts 
of the RGC projections using lipophilic tracer but, contrary to embryos, adults presented a 
much longer path for the fluorophore to travel, explaining the low power of our tracer and 
the lower percentage of axons efficiently labelled. Alternative methods for visual system 
analysis, such as MRI (Sun et al., 2011), do exist but were not available for this study. 
 
Hmx1 target genes and their role in axon guidance 
Several classes of regulators including Slit/Robo, Ephrins and Semaphorins govern 
retinocollicular topographic mapping. RGC axon guidance is triggered by attractive and 
repulsive interactions between expressed signalling molecules and their receptors, either 
expressed by RGC or target outputs from the diencephalon (Harada et al., 2007). Whereas 
Semaphorins and B class Ephrins are responsible for the crossing choice at the optic 
chiasm (Petros et al., 2008), both A and B Ephrins control for the axial mapping of retina, 
SC and LGN (Erskine et al., 2007). Knockout mouse models have largely been used to 
show that perturbation of Ephrin signaling leads to axon guidance errors (Huberman et 
al., 2008).  
We previously demonstrated that expression of Ptpro, a negative regulator of Ephrin 
receptors (Shintani et al., 2006), Epha6, and Sema3f was regulated by HMX1 (Boulling et 
al., 2013, Marcelli et al., 2014) and that both mutations reported so far in OAS-SMF 
remove the ability of HMX1 to regulate them (Marcelli et al., 2014, Gillespie et al., 
2015). The HMX1 dimer complex inhibits the expression of Epha6 (Marcelli et al., 
2014). This receptor is normally expressed in high temporal to low nasal gradient in the 
retina guiding the axons towards the SC region where their Ephrin A binding partners are 
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less expressed (Triplett & Feldheim, 2012). Based on the in vitro studies, similar 
comments could be made about the potential interaction between HMX1, PTPRO and the 
Ephrin receptor expression. On the basis of our data, we suggest that an upregulation and 
missexpression of EPHA6 caused by the absence of HMX1 in dumbo mouse and in OAS-
SMF could explain the mistargeting and the decreased overall number of RGC axons 
projecting to the LGN and SC.  
Interestingly, the predicted promoter model approach developed by Boulling et al. (2013) 
also proposed that Sema3f was a target gene regulated by HMX1. SEMA3F is a cue 
molecule, involved in central nervous system axon guidance and retinocollicular 
mapping. This repulsive ligand, found in the SC, binds to the neuropilin 2 receptor (Nrp), 
which is expressed in a nasal-temporal gradient in RGC (Sahay et al., 2003, Claudepierre 
et al., 2008). SEMA3F/Nrp signalling also controls cranial gangliogenesis and axon 
guidance through neural crest cells (Schwarz et al., 2008, Gammil et al., 2006). Previous 
studies of dumbo mice demonstrated that lack of HMX1 resulted in marked defects in the 
geniculate (VII) ganglion (Quina et al., 2012a). Taken together, these results suggest that 




Materials and methods 
Animals 
Dumbo mice bearing the dmbo allele (Hmx1dmbo) strain C57BL/6; C3HeB/FeJ-
Hmx1dmbo/Rw/JcsJKjn were purchased from Jackson Laboratories (Stock #008677). The 
Hmx1dmbo allele was obtained by ENU mutagenesis of C57BL/6 inbred mice. By routine 
genetic control of the strain we detected a mutation in the Pde6b gene, also located on 
chromosome 5, leading to the Rd1 phenotype, characterized by early retinal degeneration. 
The mice were therefore backcrossed in C57BL/6J wild-type animals for 2-5 generations 
in order to eliminate the Rd1 mutation. The studies adhered to the Association for 
Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in 
Ophthalmic and Vision Research and were approved by the Veterinary Service of the 
State of Valais (Switzerland). C57BL/6J mice were obtained from Janvier (Le Genest St 
Isle, France). 
Mouse genotyping was performed by PCR on ear punch genomic DNA in the case of 
living individuals, and on tail genomic DNA in the case of stillborn and euthanized 
individuals. Amplifications of the Hmx1dmbo and wild-type Hmx1 (Hmx1+) alleles were 
done by PCR using oligonucleotide primers surrounding the dmbo mutation (forward 
primer: 5’- GCG CTC AAC CCA GGG CGA TG -3’, reverse primer: 5’- ACC ACC 
TCC GTA GCC GCC GTG CAC-3’). The amplicon obtained was then sequenced using 
the forward primer to determine wild-type, homozygous and heterozygous dumbo mice. 
Eye phenotype analysis 
86 Hmx1dmbo/+ and 68 Hmx1dmbo/dmbo mice between 1 and 12 months of age were 
examined. Eyes were illuminated and visually classified into three categories: normal, 
cataract, or cataract and microphthalmia. 
Hematoxylin and eosin staining 
Hematoxylin and eosin staining was performed according to standard protocols on 10-µm 
cryosections fixed with 4% paraformaldehyde (PFA) and embedded in Yazzulla (30% 
albumin, 3% gelatine in dH2O) from retina of mice between 1 and 12 months of age. 




Immunohistochemistry and antibodies 
Immunohistochemistry staining was performed according to standard protocols on 10-µm 
cryosections fixed with 4% PFA and embedded in Yazzulla from retina of mice between 
1 and 12 months of age. The following antibodies and dilutions were used: Rho 1D4, 
1/100, (courtesy of Prof. R.S. Molday (UBC)), Rabbit Anti-Opsin, blue,  1/500, AB5407 
(Chemicon International), Rabbit Anti-Opsin, red/green, 1/1000, AB5405 (Chemicon 
International), PKC α (H-7), 1/500, sc-8393 (Santa Cruz Biotechnology), Rabbit anti-
Calbindin D- 28K, 1/1500, AB1778 (Chemicon International), Rabbit Antibody to 
Glycine, 1/10000, IG1001 (ImmunoSolution), Anti-Glial Fibrillary Acidic Protein, 1/400, 
Z 0334 (DakoCytomation), Brn-3 (C-13), 1/100, sc-6026 (Santa Cruz Biotechnology) and 
Thy-1 (H-110), 1/100, sc-9163 (Santa Cruz Biotechnology). The slides were analyzed 
with an Olympus BX61 microscope with the CellM software (Olympus). 
Virtual-reality optomotor system  
The virtual-reality optomotor system was used as described in Marcelli et al, 2012. 
Briefly,  mice of each genotype were analyzed between 1 and 6 months of age, each eye 
counted individually (number of eyes per genotype written for each measurement). 
Mouse were taken out of the cage and gently deposed on the platform of the optomoter 
system. Virtual projection of a rotating cylinder covered with a vertical sine wave was 
started and “testing” mode chosen on the software OptoMotry version 1.7.7 
(CerebralMechanics). This mode avoids a bias in the analysis by the experimentator as 
the spatial frequency (how often the gratings repeat per unit of distance in cycles/degree) 
used for the test is not known to him. The system proposed random spatial frequencies 
and experimentator assesses the optokinetic reflex (by clicking “yes” or “no”) of the 
mouse by visualizing it on a screen. The software calculates the number of repetitions of 
each frequency needed to set a significant result of visual acuity. Thus the experiment 
duration can vary between animals. 
Electroretinogram 
The day before the ERG, mice of the desired age and genotype were placed into total 
darkness. Until the end of the scotopic ERG, only red light was used. Mice were 
anesthetized with 10 µl/g of mouse of anaesthesia “ON” solution (600 µl 50 mg/ml 
ketamine solution (12%), 500 µl 1 mg/ml medetomidine solution (10%), 3.9 ml 0.9% 
NaCl), by intraperitoneal injection. Pupils were dilated using 0.5% tropicamide and 10% 
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phenylephrin hydrochloride. Scotopic and photopic ERGs were recorded with an 
OcuscienceTMHMsERG on 4 Hmx1dmbo/dmbo and 4 Hmx1dmbo/+ heterozygous mice. 
Scotopic ERGs were recorded at 100, 300, 1000, 3000, 10’000 and 25’000 mcd*sec/m2, 
four flashes each 10 sec (0.10 Hz). Photopic ERGs were taken after 10 minutes of bright 
light illumination and recorded at 10, 30, 100, 300, 1000, 3000, 10’000 and 25’000 
mcd*sec/m2, 32 flashes each 0.5 sec (2.00 Hz). After measurements, 10-15 µl/g of mouse 
of anaesthesia “OFF” solution (125 µl atipamezole 5 mg/ml solution, 6 ml 0.9% NaCl) 
was given by intraperitoneal injection and the mice placed on a heating pad until waking. 
Data were analyzed with the ERGView 4.350 software (OcuscienceTM). 
Optic nerve morphology analysis 
Five heterozygote and 4 homozygote dumbo mice from 13 to 26 months of age were 
euthanized by cervical dislocation. Mice were then decapitated and the heads transferred 
into an ice-cold DMEM/F12 serum free (Gibco®) filled Petri dish for dissection. Using 
fine surgical tools under a binocular microscope, all the flesh, muscles and bones 
surrounding brain, optic nerve, ocular globe and olfactory bulb were dissected out to 
leave these structures completely free with both eyes floating and connected to the brain 
only by the optic nerve (Fig.5 D-F). Presence of ONH was visually assessed under a 
dissecting microscope. 
Optic nerve thickness measurement 
Two types of optic nerve thickness measurements were performed. Firstly, thickness was 
measured on histological sections where the optic nerve exits the retina at choroidal level 
(Fig. 6, #1). Measurements were made with a graduated objective on an Olympus BX61 
microscope. Five optic nerves of 1 to 2-month-old Hmx1dmbo/+ and Hmx1dmbo/dmbo mice, 
and 5 optic nerves of 6 to 12-month-old Hmx1dmbo/+ and Hmx1dmbo/dmbo mice were 
measured. Thickness of 1 to 2-month-old Hmx1dmbo/+ animals was arbitrarily set to 100, 
and other measurements represent percentages relative to this value. Secondly, we 
measured size of the optic nerve (Fig. 6, #2) and optic chiasm (Fig. 6, #3) in ratio to the 
hypothalamus and assessed occurrence of ONH in adult mice from 13 to 26 month-old. 
Images of each brain were acquired on a dissecting microscope equipped with a digital 
camera (Leica DFC 310 FX). Relative sizes (i.e., pixel size) of the hypothalamus, optic 
chiasm and optic nerve were measured using imageJ software (Fig. 6A,C). 
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Anterograde labelling of RGC axons 
RGC axons of both genotypes were labelled after the morphological analysis in newborn 
and adult mice from a control group (4 C57BL/6J and 6 Hmx1dmbo/+) and a dumbo group 
(5 Hmx1dmbo/dmbo), detailed list on panel I from figure 8. Brain explants were transferred 
into DMEM/F12, 10% foetal bovine serum and penicillin-streptomycin medium. With the 
adult specimens, 2 mm anterior to the optic chiasm, 0.1µl of DiO solution (2mg/ml of 
dioctadecyloxacarbocyanine perchlorate in ethanol, Sigma-Aldrich, #D4292) was injected 
into the optic nerve with a Hamilton syringe under a dissecting microscope. With 
newborns, and in the contralateral eye of adult mice, 0.1 µl of DiI solution (2mg/ml of 
dioctadecyltetra methylindocarbocyanine perchlorate in ethanol (Sigma-Aldrich, #42364) 
was injected with a Hamilton syringe under a dissecting microscope directly into the 
vitreous body of the eye. After 72 hours of incubation at 37°C in the dark, brains were 
fixed in 4% PFA for 1 week to allow complete migration of lipophilic tracer. Finally, still 
protected from light with aluminium foils, brains were infused in a 30% sucrose solution 
for 2 days and embedded in Yazzulla for cryosection. 
Retinofugal pathway analysis and optic nerve axon bundle analysis 
Sequential 20-µm thick coronal cryosections of labelled brains were obtained from the 
olfactory lobes to the tip of the cerebellum. DiO and DiI tracing of the RGC axon 
projections was analyzed under a binocular microscope (Leica MZ16F) with illumination, 
and the path recorded slice by slice with a camera (Leica DFC310FX), from the optic 
chiasm towards the optic tract, the lateral geniculate nucleus and the superior colliculus. 
Schematic representation of the retinofugal path of control mice (C57BL/6J and 
Hmx1dmbo/+) and Hmx1dmbo/dmbo mice was obtained to summarize the observations (Fig.8). 
Images were then processed with Adobe Photoshop CS5, using adjustment replace colour 
option. Lightness of the black colour of each image was increased by an index of 25 to 35 
in order to allow a better view of the fluorescent signal (either in green or red). No 
modifications were applied on the fluorescent values. 
Cryosections were selected at the level of the DiO injection into the optic nerve for 
further morphometric analysis. Images were taken under a microscope (Olympus DP71) 
at 40x magnification to allow visualization of individual axon bundles provided by the 
fluorescent labelling. Optic nerve cross sections of 3 Hmx1dmbo/+ and 3 Hmx1dmbo/dmbo 
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mice were analyzed with ImageJ software and single areas of eight axons bundles per 
slice were measured. 
Nissl bodies labelling and counting 
20-µm thick coronal cryosections of adult mouse brain were selected at the end point of 
the optic nerve anterior to the optic chiasm. Sections were fixed in 4% PFA for 1 hour, 
rehydrated and stained with a solution of cresyl violet acetate (0.53 mg/ml in 0.6% acetic 
acid, 6 mM sodium acetate, pH 3.5 solution) at 60°C for 30 min. Finally, sections were 
dehydrated and mounted with Eukitt. Cresyl stained cross sections of both optic nerves 
from 4 Hmx1dmbo/+ (N=8) and 3 Hmx1dmbo/dmbo animals (except for one dumbo mouse 
where hypoplasia was too severe to obtain a qualitative section of the nerve, N=5), were 
imaged under a light microscope (Olympus DP71). Images were analyzed with ImageJ 
software and Nissl positive bodies counted using counter cell plugins.  
Optical coherence tomography (OCT) 
Mice were anesthetized with 10 µl/g of anaesthesia “ON” solution (600 µl 50 mg/ml 
ketamine solution (12%), 500 µl 1 mg/ml medetomidine solution (10%), 3.9 ml 0.9% 
NaCl), injected intraperitoneally. Pupils were dilated using 0.5% tropicamide and 10% 
phenylephrin hydrochloride. Fundus photography and OCT analysis were performed with 
a Micron III system (Phoenix Research Labs, CA, USA) on 3 Hmx1dmbo/dmbo and 3 
Hmx1dmbo/+ heterozygous mice. After measurements, 10 µl/g of anaesthesia “OFF” 
solution (125 µl atipamezole 5 mg/ml solution, 6 ml 0.9% NaCl) were injected 
intraperitoneally and the mice placed on a heating pad until waking. Data were analyzed 
with Stream Pix 6 and Micron OCT V7_2_4_2 (Phoenix Research Labs, CA, 
USA).Statistical analysis 
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Figures and legends 
 
Figure 1. Hmx1dmbo/dmbo eyes and vision. (A) Quantification of external eye phenotypes. 
68 Hmx1dmbo/dmbo and 86 Hmx1dmbo/+ eyes were classified into three categories: normal, 
cataract, and cataract plus microphthalmia. (B) Measurement of visual acuity. 
Hmx1dmbo/dmbo mice with normal eye phenotype presented reduced visual acuity compared 





Figure 2. Pannel 1. Representative electroretinograms on 2-month-old animals. Pannel 
2. Representative electroretinograms on 6-month-old animals. (A) C57Bl/6J traces in 
scotopic conditions and (B) in photopic conditions. (C) Hmx1dmbo/+ traces in scotopic 
conditions (D) and in photopic conditions. (E) Hmx1dmbo/dmbo traces in scotopic conditions 








Figure 3. Electroretinograms (ERG) statistics of 2 month-old Hmx1dmbo/+ and 
Hmx1dmbo/dmbo mice. A-wave and b-wave amplitude of scotopic and photopic ERG, 
number of eyes tested per genotype written on each graph. Difference of amplitude 





Figure 4. Pannel 1. Histological analyses of Hmx1dmbo/dmbo retinas. Negative controls are 
shown in figure S1. (A,B) Hematoxylin-eosin staining. (C,D) Recoverin, staining rod 
photoreceptors. (E,F) Opn1sw, staining S-cone photoreceptors. (G,H) Opn1mw, staining 
M-cone photoreceptors. (I,J) Pkcα, staining bipolar cells. (K,L) Calbindin, staining 
horizontal cells. (M,N) Glycine, staining glycinergicamacrine cells. (O,P) Gfap, staining 
Müller cells. (Q,R) Brn-3, staining ganglion cells. (S,T) Thy-1, staining axons. Scale bar 
in D represents 100µm and is valid for all pannels. Pannel 2. Negative controls of 
histological analyses of HMX1dmbo/dmbo retinas. (A,B) Hematoxylin-eosin staining. (C,D) 
Recoverin, staining rod photoreceptors. (E,F) Opn1sw, staining S-cone photoreceptors. 
(G,H) Opn1mw, staining M-cone photoreceptors. (I,J) Pkcα, staining bipolar cells. (K,L) 
Calbindin, staining horizontal cells. (M,N) Glycine, staining glycinergicamacrine cells. 
(O,P) Gfap, staining Müller cells. (Q,R) Brn-3, staining ganglion cells. (S,T) Thy-1, 





Figure 5. Retinal scanning and optical coherence tomography (OCT). (A, C) Fundus 
picture with indicated orientation of cross-sectional SD-OCT scans. (B,D) Corresponding 
OCT B-scans at the optic nerve head, scale bar represent 100 µm. (A,B) Hmx1dmbo/+ 
mouse. (C,D) Hmx1dmbo/dmbo mouse, notice that the presence of cataract is reducing the 
OCT signal response and downscaling B-scan resolution (red arrow). GC/IPL: Ganglion 
cell / Inner plexiform layer, INL: Inner nuclear layer, OPL: Outer plexiform layer, ONL: 
Outer nuclear layer, OLM: Outer limiting membrane, I/OS: Inner-/outer segment border, 






Figure 6. Dumbo mice present ONH. (A) Scheme representing the localization of optic 
nerve # 1 and #2 thickness, the optic chiasm #3 thickness and the hypothalamus length 
measurement (B) Optic nerve thickness at the level of the choroid in young (1-2 months) 
and older (6-12 months) animals. Thickness of HMX1dmbo/+ animals was arbitrarily set to 
100. Heterozygous and homozygous dumbo mice showed no difference in optic nerve 
thickness from 1 to 12 months.  (C) Optic nerve hypoplasia measurement on dumbo mice 
(N=4) compared to control mice (N=5). Relative size of the optic chiasm (oc) thickness 
and optic nerve (on) thickness was normalized over the hypothalamus length to balance 
the age and size variation of the brain. ONH in dumbo mice resulted in a significantly 
decreased optic chiasm (p<0.007) and optic nerve (p<0.002) size compared to 
heterozygotes. (D) Representative retinofugal pathway including eye, optic nerve, optic 
chiasm and hypothalamus (hyp) of a heterozygous dumbo mouse. (E,F) Representative 
retinofugal pathway of dumbo mice presenting either bilateral (E) or unilateral (F) ONH, 
and a thinning of the dense core of the optic chiasm. Vertical bars delimit hyp, oc, and on 






Figure 7. Optic nerve analysis of heterozygote and homozygote dumbo mice. (A) Optic 
nerve cross sections were stained with cresyl to label Nissl bodies. Homozygote mice 
present morphological changes due to optic nerve hypoplasia (i.e., smaller diameter) 
(scale bar = 0.02 cm). (B) Despite the apparent decrease of Nissl bodies, the variance 
between both Hmx1dmbo/+ and Hmx1dmbo/dmbo were large and the absolute difference is not 
significant (p<0.1). (C) Optic nerves were filled with DiI or DiO to label the axons of 
RGC neurons and optic nerve bundle areas (green circles) were measured on optic nerve 
cross sections (scale bar = 0.02 cm). (D) Histogram displays average area of optic axon 




Figure 8: Retinotopic topography is abnormal in dumbo mice. (A) Schematic 
representation of the retinotopic map of Hmx1dmbo/+ and (A’) Hmx1dmbo/dmbo mice as 
observed after DiI or DiO injection. The straight segment depicts the site of injection of 
the fluorescent dye, alternatively injected. Red (DiI) and green (DiO) paths depict the 
observed traces of anterograde labelling along the optic tract. The alphabetic grid 
represents the position chosen for representative photographs of brain cross sections from 
Hmx1dmbo/+ and Hmx1dmbo/dmbo mice. (B-H and B’-F’) Pannels are schematic illustration 
representing brain areas as observed and coloured elements depict retinotopic area 
labelled after fluorophore injection. Area localization was based on the mouse stereotaxis 
atlas of Paxinos and Franklin (2013). Fluorescent images are representative selections of 
brain coronal cross sections of Hmx1dmbo/+ (B-H) mice and Hmx1dmbo/dmbo mice (B’-H’). 
Fluorescent signal is emphasized by black arrows. (I) Summary of results obtained by 
retrograde labelling of optic nerve projections. The table lists all specimens with genotype 
and age, and indicates the observation of fluorescence in the visual outputs (e.g.: optic 
nerve, optic chiasm, lateral geniculate, superior colliculus) and in aberrant target 
(ventricles). Aca: anterior part of anterior commissure, av: anteroventral thalamic 
nucleus, cc: corpus callosum, dg: dentate gyrus, dlg: dorsal lateral geniculate nucleus, 
d3v: dorsal 3rd ventricle, ec: external capsule, fi: fimbria of the hippocampus, hip: 
hippocampus, ld: laterodorsal thalamic nucleus, lv: lateral ventricle, on: optic nerve, op: 
optic nerve layer of superior colliculus, opt: optic tract, ot: nucleus of the optic tract, vhc: 








































    	  
 	
    
9

  !&6! 


































































   





































     
 	 7 


















































 	    
 
   	  


      

  















 	  
  	 
F
  	   	  

 	  
 	  0 
 






 	   

 





















































































    
 

























  '+8 

 '&  
 








  	 



































































 	 '+8 
  
 	 *$: 









&  	 
! 








  	  


































+ /  A   A . : J	 " 5022H6 














































    	 	 	 





   O
 J "	 9 .










 J    50226 *
 	 	





 +#  :- +
 + * #/* 502236 *










 J 5022F6   
 
  











 #K 8 ' O		[ /  - ++




  X 
 - 50206 +C    	 




































 $: 50236 -










































' -O " $' :  5022G6 *







 -  +. :

 . 5022G6 +














 C J 
 






























































































































 $+ # O* '











B +  











,  . +, '  

 9 502206 

 























   /= K :&  : 






















 :: 50226 *
 




































++ + / 5022G6 +
   '














































 /  P/ 9
 # 9










































  #9  - 50206 J 
  




















9  - '















































 +' 5HHG6   


















Ch. De Pierreval 4, 






5 may 1985 
married 
Biochemist 
Education and Qualifications 
2010-present Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland, 
Doctoral School of Neuroscience, Life Science. 
 PhD in Neuroscience, to be achieved in April 2015. 
 Specialization: Genetics, Immunology, Fluorescence Microscopy, Ophthalmic and Degenerative 
Disease, Mice Handling and Neurosurgery, Analytical Chemistry 
10.2013 Diploma of Leadership level 1, Swiss manager association. 
07.2012-02.2013 Military Officer School, Birmensdorf. 
 Promotion to Lieutenant 
2003-2009 Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland, 
School of Chemistry and Chemical engineering. 
 Master in Molecular and Biological Chemistry, EPFL, 2009. 
 Master thesis: Guanine nucleotide binding proteins expression and 
purification for biophysical studies, Laboratory of Physical Chemistry of 
Polymers and Membranes, EPFL. 
 Modules (short list): Cellular Signalling, Chemical Biology, Neurophysiology, 
Nanobiotechnology and Biophysics, Mass spectrometry, Advanced NMR, Target 
Synthesis, Food chemistry, Glycobiology and advanced glycochemistry. 
 Bachelor in Chemistry and Chemical engineering, EPFL, 2008. 
 Modules (short list): Molecular and cellular biophysics I-II, Biological chemistry I-III, 
Bioinorganic chemistry, Molecular Biology I, Genetics, Immunology and Microbiology, 
Cellular and Molecular Biotechnology, Asymmetric synthesis and Medicinal chemistry. 
2000-2003 High school, Nyon, Switzerland 
 High school diploma and Certificate, 2003 
 Prize of Chemistry (at high school final exam), 2003. 
Publications 
Identification of Hmx1 target genes : A predictive promoter model approach, Boulling A., Wicht 
L., Schorderet D.F., Molecular Vision, Volume 19, Pages : 1779-1794, 
Published : Aug-6-2013. 
Mutation in Hmx1 causes craniofacial and chest deformity in mice, Bapst-Wicht L., Marcelli F., 
Steininger V., Pochon M., Schorderet D.F., Disease Models and 
Mechanisms, submitted. 
Visual deficit in Hmx1-/- mice is due to optic nerve hypoplasia and abnormal retinotectal 
projection. Bapst-Wicht L, Marcelli F, Coral Gadea M, Abbet M, 
Schorderet DF, submitted. 
H0
Deciphering the effects of the bisretinoid A2E on mitogen-activated protein kinase in the retinal 
pigmented epithelium, Balmer D., Bapst-Wicht L., Emery M., Schorderet 
F. D., and Roduit R.; in preparation. 
Professional experience 
10.2009-present PhD student at the Institute for Research in Ophthalmology, Sion, 
Switzerland. 
02.2012-04.2013 Military service, infantry troop, exploration unit, Swiss Army. 
03.2009-05.2009 Assistant for the course of introduction to chemical engineering, EPFL. 
August 2008 Summer internship in the laboratory of physical chemistry of polymers 
and membranes (LCPPM, EPFL), familiar with confocal microscopy, 
cell culture and molecular biology. 
05.2007-12.2008 Shop assistant in a croissant shop at Nyon station, at Fairexpress SA. 
August 2006 Summer job for the post of QA Documentation at the laboratory of 
microbiology, department quality control, at Novartis Consumer Health 
SA in Nyon. 
12.2003-06.2004 Officer for OVB (Suisse) SA society for patrimony advice, in Nyon. 
10.2002-02.2004 Shop assistant in a croissant shop at Nyon station, at JPC SHOPS SA. 
Voluntary experience 
02.10.2013-present Committee member of Military officer association UNIL-EPFL 
“OfcampusLausanne”. 
03.2009-06.2010 Committee member of community association “ACCA”. 
10.2007-present Committee member of “Féerie d’une nuit” association. 
09.2004-2013 Committee member of astronomy association “Callista” at EPFL. 
03.2007-01.2008 Vice-chairwoman of student association Baramine at EPFL. 
04.2005 and 08.2005 Voluntary work for “Marche Blanche” association. 
09.2004-03.2005 Voluntary work for “association de la musique actuelle” association 
(AMA). 
Skills 
Language: French (mother thongue), English (spoken and written fluently), German (spoken 
and written), Spanish (spoken and written). 
Computing: Good knowledge of Matlab 7.0 and Mathematica software, of data treatment and 
statistic software (G*power, R, data explorer, CTAn, FlowJow, Ape), of 
Office, OpenOffice and ChemOffice environment. Use of Internet, 
research programs (Copernic, Google, pubmed, expasy, SwissProt), 
and picture treatment (Adobe Photoshop, Adobe Illustrator). 
Hobbies: Triathlon, running, skydiving, shooting, astronomy and reading. 
